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Analysis of the Flow through a Francis’ Turbine Runner Using Computational Fluid 
Dynamics  
 
William Anthony 
 
Dr. Amr Serag El Din, Dr. Ashraf Sabry and Dr. Lamyaa El-Gabry 
 
ABSTRACT 
 
This study investigates the fluid flow through the runner of an exceptionally low specific 
speed Francis’ turbine using computational fluid dynamics (CFD) to predict some 
performance characteristic of the runner, and to determine the effect of cavitation on the 
flow features within the turbine. It employs FLUENT CFD codes for the analysis. The 
study was carried out under steady conditions in two- dimensional analysis, primarily using 
the RNG k-ε turbulence model. It is mainly on single phase analysis; however a single case 
of two-phase cavitation modeling was performed in order to evaluate cavitation effects.  
 
The hydraulic losses were much dependent on the inlet flow velocity and less dependent on 
the rotational speed. Cavitation occurred throughout the flow domain and this led to non-
physical negative pressure predictions for the single phase analysis. For a fixed discharge, 
cavitation had significant effect on the prediction of the torque and hence the runner 
  vi 
efficiency obtained from the CFD analysis. It causes a significant reduction of the runner 
efficiency by increasing the hydraulic losses and should be considered in the analysis of the 
flow features within a runner which is likely to experiences cavitation in order to overcome 
some of the shortcomings of the single phase predictions. 
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CHAPTER ONE 
 INTRODUCTION 
 
1.0 Background Introduction 
The desire to accurately comprehend the flow features within turbines has been an area of 
much concern. This is a result of the need to predict their performance characteristics, 
determine the cavitation properties of the turbine and to further improve their efficiency. 
Although it is apparent that earlier studies evolved empirically and achieved satisfactory 
performance with minimum analytical understanding into the physics of the flow, the 
analysis of the basic operation with the detail knowledge of the flow behavior is, 
however, paramount to achieving ultimate performance. The use of force and velocity 
diagrams, experimentation, and dimensional analysis have helped in establishing 
relationships between desired flow parameters, design data and given valuable guides 
easing the study and the understanding of the operations of the turbine [Shepherd, 1956]
1
.  
 
With the advent of computational fluid dynamics, such study has been made easier in less 
time. Nevertheless, none of these approaches is yet sufficient to fully describe the 
turbulent nature of flow through turbines, but they depict a good account of what is really 
happening within the turbine and can be used for analysis [Nilson, 2002]
2
.   
 
The present study analyzes the flow through a Francis’ turbine runner using 
computational fluid dynamics to describe the flow features within the runner, determine 
and locate the minimum  pressure on the blade surface (areas susceptible to cavitation), 
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and to predict some performance or operating characteristics of the runner. A 
hypothetical exceptionally low specific speed Francis’ turbine was selected in order to 
ensure near two dimensionality of the flow. 
1.1 Objectives of the Study 
The objective of the study is to analyze the flow in the runner of a very low specific 
speed Francis’ turbine under steady conditions.    
1.2 Methodology 
The objective was achieved entirely with the use of FLUENT, a CFD software. 
DesignFOIL, aerofoil generating software, aided in obtaining the two-dimensional blade 
profile that was imported into GAMBIT, a geometry generating software incorporated in 
FLUENT, to generate the geometry. The geometry was then meshed in GAMBIT before 
exported into FLUENT for the CFD analysis. The study was carried under steady 
periodic assumption because it makes the study simple and less complex, and can give a 
good account of the flow features needed to achieving the objectives. The flow 
throughout most of the blade passage of the radial (low specific speed Francis’ turbine) 
runner is predominantly radial, and thus the use of the two-dimensional analysis. 
1.3 Scope of the Study 
The study adopts the RNG k-ε turbulence model for the CFD analysis since this model 
has gained universal acceptance for predicting results of this type of flow. The 
description of the flow features were limited to what was captured by the two 
dimensional steady periodic assumption used for the study.  
  3 
CHAPTER TWO 
 LITERATURE REVIEW 
2.0 General Introduction 
Numerous studies have been carried out aiming at describing the flow features, predicting 
and improving the performance of hydraulic turbines using CFD, and research in this area 
is steadily increasing with increasing developments in CFD. Although none of these 
studies so far has exactly agreed with the predictions of test results throughout the entire 
flow domain, CFD predictions match test results in a wide flow area. Unlike 
experimentation, however, CFD gives further details about the flow features within the 
turbine and this plays a dominant role in the upgrading and modernization of existing 
hydraulic turbines as well as, in the design and manufacture of new hydraulic turbines. It 
further boosts the reliability of the design and acts as a means of proving the performance 
of the turbine to clients with less experimentation. 
2.1 Radial Hydraulic Turbine   
Radial hydraulic turbines are usually inflow type turbines with rotor blade inlet angle of 
90
0 
[Balje, 1981]
3
. They are low specific speed Francis’ turbines. In such a turbine, fluid 
flows radially through the rotor vanes and exits at a smaller diameter from the turbine 
blades, after which it turns through 90
o
 into the draft tube [Gorla et al, 2003]
24
. The total 
operating head used in such turbines usually ranges from 30 m to 500 m [Sayers, 1990]
4
 
and their diameter ratios are usually limited within the range of 2 to 2.5 [Kjolle, 2001]
5
. 
They have relatively low flow rates and output power, and have a flat efficiency curve 
[Kjolle, 2001]
5
. It has lower flexibility in its operating conditions as compared with 
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others in the higher specific speed range. The specific speed of radial flow turbines 
expressed in the form of equation (2.1) falls within 15-100 [Shepherd, 1956]
1
 
   Ns = NP
1/2
/H
5/4
                                           (2.1) 
Where N is rated in rpm, P in hp and H in ft  
2.2 Computational Fluid Dynamics  
Computational Fluid Dynamics (CFD)  is the act of simulating fluid flow through objects. 
It enables the study of the dynamics of flowing fluids. It determines the numerical 
solutions of the governing flow dynamic equations to obtaining the numerical description 
of the flow field of interest. “In power generation,  it significantly reduces the time and 
expense involved in designing power generation equipment, troubleshooting equipment 
in the field, retrofitting equipment and investigating safety-related ‘what if’ 
scenarios”[ASME Journal, 2001]13. CFD allows the building of a virtual prototype of the 
system to be analyzed and enables the application of real world techniques for the 
modeling analysis. It is completely replacing the traditional method where physical 
model and prototypes, along with simple rules of thumb and empirical corrections are 
used [ASME Journal , 2001]
13
.  
 
Although experiments are accurate means of measuring flow properties of a system, 
sometimes they are very difficult, if not impossible, to be carried out. For instance in 
cases where the systems to be studied are under hazardous conditions, very large or 
required to operate beyond their normal operating limit as encountered in safety studies, 
the use of CFD becomes an obvious choice. Experiments can also be too costy, time 
consuming and/or may not be able to express further detail of great concern to the 
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studies. CFD  is thus an essential tool and has replaced most field experimentation 
[Versteeg et al, 1995]
12
. 
The basic governing equations for CFD analysis is based on the conservation of fluid 
motion under given boundary conditions. For the Newtonian fluid, these equations for a 
two-dimensional analysis are expressed as: 
δρ/δt + div(ρФ) = 0                                                          (2.2)12 
δ(ρu)/δt + div(ρuФ) = -δp/δx + div (μgradu) + Sx          (2.3)
12
 
δ(ρv)/δt + div(ρvФ) = -δp/δy + div (μgradv) + Sy           (2.4)
12
 
Where Ф represents the change in the flow property concerned per unit mass, with u and 
v representing the instantaneous velocity components in the x and y direction respectively 
and are unknown together with the instantaneous pressure p. μ denotes the fluid viscosity 
while Sx and Sy denotes the source terms in the x and the y direction respectively. 
Equations (2.2), (2.3), and (2.4) denote continuity, x-momentum, and y-momentum 
equations (Navier-Stokes equations) respectively.  
Turbulent flow is characterized by the presence of eddying motions in a wide range of the 
flow. This develops fluctuations over the mean flow properties. Thus, the time dependent 
flow property Ф can be expressed as the sum of the steady mean component Фm and the 
time varying fluctuation component Ф'[Versteeg et al, 1995]12. For a flow property under 
the two-dimensional analysis such as the velocity vector Ui which is made up of u and v 
(that is the x and y components respectively) for instance, equations (2.2), (2.3) and (2.4) 
could be expressed as: 
  6 
δρ/δt + div(ρUi) = 0                                                          (2.2a)
12
 
δ(ρu)/δt + div(ρuUi) = -δp/δx + div (μgradu) + Sx          (2.3a)
12
 
δ(ρv)/δt + div(ρvUi) = -δp/δy + div (μgradv) + Sy           (2.4a)
12
 
Replacing the flow variable Ui (including u and v) and p with the sum of the mean and 
fluctuating component with the assumption that the effect of the density fluctuation is 
negligible enabling ρ to represent the mean density and taking the time average (to avoid 
instantaneous fluctuations) of the resulting equations, equations (2.2a), (2.3a) and (2.4a) 
become (the Reynolds average Navier Stokes equation): 
δρ/δt + div(ρUm) = 0                                                                      (2.2b)
12
 
δ(ρum)/δt + div(ρumUm) = -δpm/δx + div (μgradum) + [-δ(ρū'
2
)/δx -δ(ρū'v')/δy] + Sx        (2.3b)
12
 
δ(ρvm)/δt + div(ρvmUm) = -δpm/δy + div (μgradvm) + [-δ(ρū'v')/δy -δ(ρv'
2
)/δx] + Sy        (2.4b)
12
 
Where equation (2.2b) is the continuity equation and equation (2.3b) and (2.4b) is the 
Reynolds equations. The additional unknowns (ū', ū'v', v') within the Reynolds stresses 
(ρū'2, ρv'2 – normal stresses,  ū'v' – shear stress)  in the Reynolds equations makes the 
available equations less than that required to determine the unknowns thus the need of 
turbulence modeling, which develops computational procedures of sufficient accuracy 
and generality to enable the predictions of the unknowns (achieve a ‘closure’ for the 
unknowns) [Versteeg et al, 1995]
12
. 
The turbine head HT can be estimated as: 
HT = (pt1-pt2)/ρg     (2.5)
15
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ηh = Tn/Q(pt1-pt2)     (2.6)
15 
where pt1 and pt2 denote mass weighted average of total pressure at inlet  and total 
pressure at exit of the turbine respectively. The numerator and the denominator of 
equation (2.6) is the power output and the power input to the turbine respectively. 
2.3 Numerical Investigation and Validation of Flow in Hydraulic Turbines 
Computational fluid dynamics is tool mostly used in the study, development and the 
design of hydraulic turbines. Steady state CFD analysis has been a validated and an 
integral part of hydraulic turbine design. 
 
Nilsson et al [6] in their research to investigate and validate flow in the GAMM Francis 
turbine using the CFD Code CALC-PMB observed that there were great similarities 
between experimental and numerical predictions. The study assumed a periodic and a 
steady flow with the computational domain consisting of a single runner blade under the 
periodic condition. This investigation was done at the best efficiency and some off-design 
operating conditions. The simulation qualitatively captured most flow features, however, 
some noticeable discrepancies at low mass flow rate and at areas where recirculation and 
unsteadiness dominates the flow were observed. The study also observed some 
uncertainties when comparing the predictions quantitatively and this was attributed to 
uncertainty in some measurements. The study argued that the steady periodic CFD 
assumption can be used for water turbine computations but might not be able to capture 
all flow features [Nilsson et al, 2001]
6
. Dai et al [21] in the study of the internal flow 
through a radial turbine using a steady three-dimensional Reynolds averaged Navier-
Stokes solver (BTOB3D) for the numerical analysis observed that the CFD captured most 
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of the characteristics of the flow and further confirmed the excellent qualitative 
agreement to experiment. Quantitative accuracy was observed at certain flow region with 
the incidence angle having less effect on the core flow characteristics at constant speed 
line. The inlet and the outlet conditions however plays a key role in the predictions of the 
CFD [Dai et al, 2004]
21
. In another study, Guedes et al [10] assuming periodic condition 
of 1 runner channel and 4 stator channels to represent 5 runner and 22 stator channels 
stimulated both steady and unsteady rotor- stator analysis of a hydraulic turbine using 
both experimental and CFD approach. The study also investigated the stator-rotor 
computational capabilities of the Fine Turbo and CFX-TASCflow CFD codes. It showed 
the strong dependence of continuity or consistency to mesh refinement at both sides of 
the stator-rotor interface. In other words, the refinement and the consistency of the mesh 
at the stator-rotor interface strongly affected the computational capability of both codes.  
Also, both analyses proved that the stator-rotor models were fully conservative and 
capable of producing the flow conditions encountered in the stator-rotor interaction zone 
of a hydraulic turbomachine. Increasing shock effects (sudden pressure rise/jump) in the 
flow field at the blade leading edge were observed at low flow rates. The overall results 
showed that the unsteady stator – rotor computation was able to accurately predict the 
flow behavior at the stator-rotor interaction zone, as it displayed qualitatively the same 
flow features found by measurements and indicated the way the instability of machine 
was induced. All stator-rotor interaction effects such as potential and viscous effects were 
accurately expected to be reproduced with unsteady analysis of the stator-rotor 
interaction [Guedes et al, 2002]
10
. Ciocan et al [11] under the same study revealed that 
the steady numerical calculations show relatively good qualitative agreement if the flow 
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angle at outlet of the rotor is more or less adapted to the draft tube entrance angle. The 
unsteady computation gave a good prediction of the mean flow behavior except in some 
areas where deviations of about 32% were observed which was as attributed to the coarse 
mesh in that region [Ciocan et al, 1998]
11
.   
 
Similar study was done to predict the unsteady wicket gate-runner interaction in a 
Francis’ hydraulic turbine at GE Energy Hydro. Nennemann et al [9] presented a method 
of stimulating unsteady flow field resulting from rotor-stator interaction with CFD. 
Validation of predictions was done using unsteady pressure measurements on a model 
scale runner. CFX-5 CFD software with the k-ε turbulence model was employed in the 
analysis. The study observed the impossibility of using unsteady periodic rotor simulation 
with single wicket gate and single runner channel as used in steady state for the analysis 
of rotor interface since there are always unidentical number of wicket gate and blades in 
any Francis’ turbine. However, in order to reduce the meshing size and calculating time, 
the study employed some combination for the analysis while maintaining an identical 
periodicity on both wicket gate and runner mesh. For instance, a combination of 7 wicket 
gate channels and 5 runner channels was deemed suitable to periodically analyze a 24 
wicket gates and 17 blades Francis’ turbine. The study observed that dynamic torque 
predictions have some dependence on the mesh size. While acknowledging that there is 
stator- rotor interactions in all hydraulic turbines within a certain level, pressure 
fluctuations however became significantly large relative to the stress levels in medium to 
high head hydraulic turbines. This was due to the high wicket gate outlet velocity in such 
turbines and the small radial gap between the blade rows. The predictions showed 
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excellent qualitative agreement with test characteristics curves with large deviations 
occurring near the leading edge where very high amplitude gradient were present. 
Insufficient mesh resolution was attributed to be the cause of the deviations. Average 
deviations within 3 to 10% were observed. Further mesh refinement achieved accuracy of 
approximately less or equal 20% [Nennemann et al, 2005]
9
.  
 
Drtina et al [7] stimulated the turbulent flow in the complete Francis hydraulic turbine 
under steady conditions using 3D Euler code with the k-ε turbulence model and also 
observed astonishing accuracy (over 90% accuracy) with model test even at operating 
points far from the best points. Predictions showed good agreement at different guide 
vanes openings except at very large values of circumferential velocity corresponding to 
low heads that deviation between efficiencies where high.  This was attributed to the 
highly unsteady nature of the flow at these operating points. There were also some 
amount of inaccuracy in the exact predictions of efficiency level and was attributed to the 
choice of turbulence model and the grid refinement. The study estimated it to be varying 
within +/- 2 % in absolute efficiency level [Drtina et al, 1997]
7
. To further improve this 
research, Ruprecht et al [8] conducted an unsteady simulation of an entire Francis’ 
turbine without the use of periodicity using parallel computing with non-matching sliding 
meshes as a means of coupling between different components while employing dynamic 
boundary conditions. Domain decomposition and the application of parallel solver for the 
linear systems of equations were used for parallelizing each component.  The simulation 
showed clearly the reduction of pressure from the spiral casing to the runner outlet with 
the runner inlet stagnation point occurring at the leading edge.  However, coarse mesh 
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was employed in the simulation to save computational effort and cost, and this resulted to 
an early equalization of the wakes obtained behind the blades and shortened the time 
required to obtaining vortex rope as in model tests. However, the study was a feasibility 
study rather than for obtaining and validating quantitative results [Ruprecht et al, 2000]
8
.  
 
It is believed that 40% of the hydraulic turbine performance or three quarter of the overall 
pressure recovery can be obtained from the draft tube [Susan-Resiga et al, 2005]
18
, thus 
other studies were aimed at analyzing the swirling flow which occurs at the exit of the 
runner. Swirling flow at the exit of the runner mitigates flow detachment at the cone of 
the runner but also comes along with flow instabilities leading to surge in the draft tube 
[Susan-Resiga et al, 2004]
16
. This introduces complexity in the flow as a result of 
curvature effects and the adverse pressure gradient caused by the diffuser as the runner 
generates swirling flow at the exit. The standard k-ε turbulence model does not produce 
very good predictions with such flows yet it is the still the most widely used approach for 
engineering applications [Mauri et al, 2000]
17
. This is because of its ability of producing 
good results in a wide flow domain encountered in most engineering application.  Susan-
Resiga et al [16] in their studies on the swirling flow downstream of a Francis turbine 
runner using a superposition of three various vortex flow to accurately represent the 
swirling flow observed that the swirling flow  configuration at the outlet of the Francis 
turbine runner had major influence on the overall behavior of the flow downstream in the 
draft tube. It recommended the avoidance of reaching critical state of swirl at runner 
outlet within the normal operating range in the design and optimization of turbine runners 
[Susan-Resiga et al, 2004]
16
. Mauri et al [17] studied the influence of boundary 
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conditions on the numerical predictions of the flow at the exit of the runner using CFX-
TASCflow 2.9 with the k-ε turbulence model coupled with logarithmic wall functions. 
The studies showed the global performances of the draft tube as a function of the flow 
rate; the evolution of axial velocity component at the immediate exit of the runner was 
characterized by the decreasing importance of the low velocity zone at the centre of the 
draft tube caused by the presence of high swirl for low flow rates, and that reverse flows 
were only observed at higher flow rates. The study also observed that, a lower inlet 
turbulent dissipation rate led to a failed prediction of the reserve flow zones causing an 
overestimated recovery factor and this was attributed to the difficulty of standard k-ε 
model in predicting swirling flows and the use of extrapolations for inlet profiles [Mauri 
et al, 2000]
17
.  
2.4 Challenges and the Future of CFD Analysis of Hydraulic Turbines 
The design of almost all hydraulic machines and turbomachines to be general is 
unthinkable without the incorporation of CFD [FLUENT User Guide, 2005]
15
. Although 
CFD is currently the most widely used technology for flow analysis in hydraulic 
machines, it has some defects having to do with the selection of the right turbulence 
model which accurately describes the entire flow feature throughout the entire unit. 
Unsteady state modeling provides quite an accurate solutions for complex flow however, 
it require much computational cost and time, making most analysis to be done in steady 
state. Besides, CFD faces a lot of challenges especially in the aerospace and marine 
sectors where there have been recorded frustrations of turbulence modeling, its accuracy 
of stimulating transient phenomena fundamental to viscous flows and/or the inadequacies 
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of background meshes to resolve the intricacies of small-scale effects [Annual 
Conference of CFD, 2005]
14
. 
 
There are wide ranges of CFD software and techniques to handling flow problems, 
however, none can be categorized to be generally acceptable for some specific flow 
features, for all flow conditions or can exactly predict turbulence modeling problems. 
Each has some inherent defects which are being addressed with time. It is hoped that one 
technique would emerged which would handle most of these uncertainties as well as to 
incorporate more automation to enable the detection and repairs of geometries in CFD 
models [FLUENT User Guide, 2005]
15
. With the increasing technological advancement 
especially in improving the performance of computing hardware, CFD might completely 
replace experimentation in the near future.   
2.5 Some Successful Applications of CFD Analysis 
CFD have successfully been applied to a lot of heat transfer problems, the field from 
which the technique originated. It has made dramatic impact in the performance of 
aircraft engines, steam, hydraulic and gas turbines for power generation. For instance, it 
brought great improvement in predicting efficiencies and aerodynamic loading range of 
aircraft engines. One successful problem solving applications of CFD was the problem 
associated with vortex shedding at the inlet of a low head power plant using two identical 
bulb turbines. One of the two turbines (inner turbine) experienced severe bearing 
problems when it was in operation. CFD investigation depicted clearly the vortices 
shedding from the inlet towards downstream to the inner turbine explaining the reason 
behind the bearing destruction. From this observation, a modified geometry was 
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suggested, modeled and verified with CFD to ensure that the problem never existed 
before finally reinstalling this modified unit [Ruprecht, 2000]
20
 and it proved to be 
successful in solving the problem completely.    
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CHAPTER THREE 
MODELING   
3.0 Introduction to FLUENT   
FLUENT is one of the commonly used CFD software in fluid flow analysis. It allows 
fluid flow simulation in a wide range of areas and has a wide range of geometry tools. In 
handling dynamic and moving mesh, it has the sliding mesh and multiple reference 
frames models which have been proved to be effective and fully compatible with other 
models.  It is user-friendly and robust. It is able to coordinate with other geometry 
generating software, and this extends its capability to generating different type of meshes 
with its unstructured grid technology (quadrilateral and triangular for 2D simulations; and 
hexahedra, tetrahedra, prisms and pyramids for 3D simulations) . It incorporates adaptive 
meshing technique which  widen its range in working with most  models. It is fast and 
reliable. FLUENT offers GAMBIT and TGrid for building geometry and volume 
meshing (pre-processor). GAMBIT also reads CAD files and conditions any imported 
CAD geometry for  the numerical analysis (Solver).  The solver of FLUENT employs the 
finite volume method, a development of finite difference stream of numerical solution 
technique. The post-processor of FLUENT generates meaniful graphics, animations and 
reports to convey the results from the solver, as well as allowing its solution data to be 
exported where necessary to other CFD or CAE packages for additional analysis 
[FLUENT User Guide, 2005]
15
.   
 
This present analysis used the RNG k-ε turbulence model, one of the numerous 
turbulence models available in FLUENT. It is a development of the standard k-ε 
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turbulence model of Launder and Spalding [FLUENT User Guide , 2005]
15
.   
3.1 k-ε Turbulence Model 
The k-ε turbulence model, just like other turbulence models employs the Reynolds-
average Navier Stokes equations and is the most widely used turbulence model in 
engineering applications. It focuses on factors that affect turbulent kinetic energy. It 
performs well in confine flows where the Reynolds shear stresses are essential [Versteeg 
et al, 1995]
12
. It is a two-equation turbulence model which solves two separate transport 
equations to allow the independent determination of turbulent velocity and length scale 
(dissipation rate or ε)   [FLUENT User Guide, 2005]15. The turbulence kinetic energy k 
determines the energy in the turbulence while the turbulence dissipation ε determines the 
scale of the turbulence as it is transported.  
 
In FLUENT, it comprises of three forms; Standard, RNG, and the Realizable k-ε 
turbulence model, each having a formulation to handle the different physics of flow 
problems encountered in CFD analysis. They are modified version of each other to allow 
predictions of flow properties under certain flow type such as low or high Reynolds 
number flow. The standard k-ε turbulence model is used for high Reynolds number flow 
and it makes use of the universal behavior of near wall flows to avoid the need of 
integrating the model equations through the wall within a condition such that, the mean 
velocity at a coordinate direction yp normal to the solid wall satisfies the log-law for 
viscous layers in the range 30 < yp
+
 < 300. However, at low Reynolds number the log-law 
becomes invalid constraining the application of the standard k-ε model. To overcome this 
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constraint, wall damping have been applied to enable the viscous stresses overcome the 
turbulent Reynolds stresses [Versteeg et al, 1995]
12
.  
 
 The RNG k-ε turbulence model, a modified form of the standard k-ε model uses 
analytically derived differential formula for the effective turbulence viscosity to account 
for the effect of low-Reynolds number. It also has additional terms in the length scale 
equation which improves CFD predictions for cases of strained and swirling flows 
[FLUENT User Guide, 2005]
15
, hence it was adopted for this study.  
 
The realizable k-ε turbulence model, a further modification of the standard k-ε turbulence 
model has another formulation for the turbulent viscosity and a transport equation for the 
length scale (ε) (the dissipation rate) to satisfy certain mathematical constraints consistent 
with the physics of the turbulent flows on Reynolds stresses. It accurately predicts the 
spreading rate of both planer and round jets flows. However, it produces some non-
physical turbulent viscosities in cases where there are both rotational and stationary flow 
domains as in multiple reference frame formulation [FLUENT User Guide, 2005]
15
, thus 
it was not employed for this study.  
3.2 CFD Modeling of the Francis’ Turbine Runner 
3.2.1 Boundary Conditions 
 
1. Inlet Boundary Condition: Three inlet boundary conditions can be used in 
describing the flow property at inlet to the casing. These are velocity inlet, total 
pressure inlet, and mass flow inlet boundary condition. The velocity inlet 
boundary condition was used for the present simulations. This was because the 
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fluid (water in this case) is incompressible (constant density) as such the use of 
the velocity inlet boundary conditions eliminates the use of the mass flow inlet 
boundary condition. Besides, the use of velocity inlet allows the easy variation of 
the flow direction and magnitude which was to be used for the analysis.   
 
In defining the velocity at inlet for the CFD analysis, the velocity magnitude and 
direction was used to accommodate the different angles of the guide that will be 
used for the analysis. And in specifying the reference frame for the velocity 
specification, the “relative to adjacent cell zone” was used for ease of 
convergence. 
 
2. Outlet Boundary Condition:  Atmospheric pressure conditions were assumed at 
the outlet of the model thus pressure outlet boundary condition was used as the 
boundary condition at the exit.  
 
Zero gauge pressure was assigned at the outlet and the backflow specification 
method used to define the pressure was the normal to boundary since the flow was 
assumed to exit at an angle of 90 degree to the boundary. The backflow 
specification method was assigned so that should a relevant flow be pulled in (re-
enter the computational domain) through the outlet into the computation, that 
value would be used. However, if such a condition does not occur throughout the 
computation, that value is ignored by FLUENT. This can occur in cases where 
there are flow re-circulation at the exit.  
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3. Wall Boundary Condition: The single blade in the passage was set to be a rotating 
wall relative to the part of the rotor encompassing it (working fluid) based on the 
rotating reference frame formulation. The standard wall functions were used to 
solve the viscous flow layer over it and adaptation was enforced on the adjacent 
nodes to move them into conformity to that required by the adopted standard wall 
functions.  Figure 2 displays the model after adaptation. 
4. Periodic Boundary Condition: The two adjacent edges connecting the inlet and 
the outlet were set to be cyclic periodic.  
 
Figure 3.1 and 3.2 below respectively describes the edges the various boundary 
conditions were assigned and the grid after adaptation. 
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Figure 3.1 Display of the Model and the Allocation of Boundary Condition  
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Figure 3.2 Grid Display of the Model after Adaptation 
 
 
Figure 3.2 shows the grid display after the near wall adaptation of the grid based on the 
y
+
 formulation. The change in the meshing structure around the surface of the blade due 
to the adaptation is clearly depicted from this figure.  
3.2.2 Specification of Turbulence Parameters 
  
The turbulence specification method used to describe the inlet boundary condition was 
turbulence intensity ( for the turbulence kinetic energy k) and hydraulic diameter (for the 
length scale from which the turbulence dissipation rate ε is calculated). This was because 
their value can easily be estimated and are commonly used specification in describing 
flow in hydraulic turbines.  The hydraulic diameter was assumed to be the mean diameter 
of the rotor and the value of the turbulence intensity was an intermediate of the two 
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extremes of turbulence. The turbulence intensity was set to 7% (that is, between 1-5% 
considered for low turbulence and 10% and beyond for high turbulence flow).  
Turbulence intensity between 5-10% was assumed sufficient to represent the fully 
developed turbulence experienced within this unit [FLUENT User Guide , 2005]
15
. 
3.3 Specification of the Francis’ Turbine Runner 
The following values were assigned to the Francis’ turbine runner used for the study. 
Turbine Blade Speed  ~  115.4 rpm 
Number of Blades ~ 13 of which only one (1) was used for the periodic model 
Blade Alignment (at inlet relative to its tangent at exit) ~ 20 degree 
These values were obtained based on the operating specification of a similar runner. A 
blade speed of 76.9 and 173.1 rpm was also used for the analysis. The choice of these 
values was arrived at based on a scaling factor used on page 28-29 of the Lecture 
Handout on the Design of Francis Turbine [Lecture Handout, 2006]
26
. In specifying the 
rotational velocity of the blade in FLUENT using the rotating frame formulation, the 
fluid was set to be rotating at the assigned speed relative to the blade. Guide angle 
ranging from between 20
 
to 80 degree with inlet velocity ranging from 20 to 40 m/s at 
interval of five were used for the analysis.  
3.3.1 Blade  
The specifications used to obtain the blade on DesignFOIL were as follows: 
   Camber Parameter ~ 0.4 
 Thickness Parameter ~ -0.04 
Percent Thickness ~ 5.12 
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Mean Diameter ~ 3.5 m 
 
The Joukowsky approach generates its aerofoil by mapping a circle onto a complex 
plane. The camber parameter describes how much camber the aerofoil posses. It refers to 
the y-coordinate from the centre of the circle. The thickness parameter describes the 
thickness of aerofoil. It refers to the x-coordinate from the centre of the circle; while the 
percentage thickness gives an estimate of the maximum aerofoil thickness as a percentage 
of the chordlength [User Guide, Trial Edition of DesignFOIL, 1990-2000]
25
. They are all 
dimensionless parameters. For an arbitrary point within the circle at at a co-ordinate 
(λa,Єa), with 4a is the chord length of the blade, tk denoting the thickness of the blade, c 
the camber,  and θ being the angle of revolution; 
 
tk =  4 Єa (1-cos θ)sin θ   ………………………………………(3.1) 
tkmax = 3 √3 Єa   at θ = 2Π/3 …………………………………...(3.2) 
tkratio = 3 √3 Єa / 4a ≈ 3 √3 Є/4…………………………………(3.3) 
c = 2 λa sin2 θ …………………………………………………..(3.4) 
cmax = 2 λa  at Π/2 ……………………………………………….(3.5) 
3.4 Meshing, Solver and the Convergence Criteria 
 3.4.1 Meshing 
An unstructured meshing comprising of triangular grids was used for meshing the entire 
area model. Figure 3.3 shows the gambit model of the turbine. The study employed the 
standard wall functions for the near-wall treatment of the flow (incorporate the effects of 
viscous layer near the wall into the prediction of turbulence properties near the wall).  
The near wall grids were ensured to fall within the range stipulated by the log-law of 
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viscous layer (30 < y
+
 < 300). In other words, the nodes on the edge and area mesh by the 
walls were spatially moved such that they fell within the range of the y
+
 required for the 
standard wall function used, while ensuring that no area elements were inverted to 
negative value in the process. Conformity was ensured, and the number of mesh nodes 
and nodal connectivity also remained unchanged around the wall zones [Burgreen et al, 
2001]
19 
Figure 3.3 Grid Display of the Periodic  Model   
 
Grid Information: 
Total Number of Cells ~ 21803 
Total Number of Faces ~ 33443 
Total Number of Nodes ~ 11740 
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3.4.2 The Solver and Turbulence Model    
The segregated solver was employed for the CFD analysis, instead of the coupled solver 
available in FLUENT to save storage and computational time. It solves one flow property 
for each cell at a time. The RNG turbulence model together with the default SIMPLE 
algorithm and the second order upwind discretization scheme was used for the CFD 
analysis. The RNG k-ε turbulence model is very accurate, robust and reliable for a wide 
range of turbulent flows, and converges relatively easy under the steady flow state 
assumed. It is also able to handle flows with low-Reynolds number just as in the case of 
the turbine under study and can be applied to swirling flows which is usually encountered 
within the flow domain of a turbine. The SIMPLE algorithm produces satisfactory 
corresponding pressure and velocity fields with savings in computational effort due to 
improve and fast convergence rate. The second order upwind interpolation scheme 
minimizes false diffusion errors and produces more accurate solutions [Versteeg et al, 
1995]12. The default standard discretization scheme was however maintained for the 
pressure interpolation. The flow features associated with the rotating part of the unit were 
analyzed using the rotating reference frame capability. This was because the rotating 
reference frame can be included in single domain and also allows flow field independent 
of the orientation of the moving part. It is also compatible with the turbulence model 
adopted. The fluid was set rotating at the blade speed relative to the blade. Steady 
conditions were assumed to prevail.  
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3.4.3 Convergence Criteria 
Convergence was judged by examining both residual level and net mass imbalance, since 
residual alone can be misleading for some classes of flow phenonmena.  The criteria for 
convergence of residual for all turbulence property was at least 0.001 while the mass 
imbalance was limited to 0.02 kg/s.  The residual R
Φ
 for a general variable Φ computed 
by the segregated solver adopted for the study is expressed as: 
R
Φ
 = Σcells P | Σnb anbΦnb+b - aPΦP|   …………………………………(3.6)
15
 
   Σcells P  | aPΦP | 
Where aP is the center coefficient, ΦP is the general variable at a cell P, anb are the 
influence coefficients for the neigboring cells, and b is the contribution of the constant 
part of the source term. The default under relaxation factors for the various flow and 
turbulence properties (pressure~0.3, density~1, body forces~1, momentum~0.7, 
turbulence kinetic energy~0.8, dissipation rate~0.8 and viscosity~1) were maintained for 
the single phase predictions. However, in running the multiple phase analysis to predict 
the results for cavitation, these relaxation factors were reduced to enable the solution to 
converge. 
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CHAPTER FOUR 
SINGLE PHASE BLADE TO BLADE FLOW ANALYSIS  
 4.0 Results and Discussion for Single Phase Analysis 
This section presents results of the blade-to-blade flow analysis of the radial flow in the 
Francis’ turbine without the consideration of cavitation (single phase analysis). The 
analysis was done for cases with varying inlet flow velocity from 20 to 40 m/s at intervals 
of 5 m/s and also for three different rotational speeds of 76.9, 115.4 and 173.1 rpm. For 
each of the inlet velocities and rotational speeds the relative flow was directed at angles 
of 20, 25, 30, 35, 40, 45, 50 and 55 degree with the radial direction at the inlet boundary. 
Relative flow refers to the flow associated with the relative velocity, that is, velocity 
relative to the rotating runner. 
 
Figures 4.1 to 4.5 below show the convergence history of the solution, the static contour, 
absolute velocity, relative velocity and total pressure distribution for the case with an 
inlet velocity of 25 m/s and inlet flow angle of 45 degree while Figures 4.17 to 4.20 show 
the corresponding plots for that with an inlet velocity of 40 m/s and inlet flow angle of 60 
degree. 
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Figure 4.1    Convergence History at  Inlet Velocity of 25 m/s and an Inlet Flow Angle of 
45
 
degree  
 
 
Convergence was achieved after 608 iterations with a residual value set to 0.00001. 
Mass Imbalance ~ 0.0020 kg/s (about 8.5*10
-6
 % of the mass flow rate at inlet) 
Total Gauge Pressure inlet based on the Mass Weighted Average ~ 2.0455 MPa  
Total Gauge Pressure Outlet Based on the Mass Weighted Average ~ 1.4948 MPa 
Figure 4.1 shows the convergence history of the solution after 608 iterations for the case 
with inlet velocity of 25 m/s directed at 45 degree to the radial direction. Convergence of 
residuals was achieved with residual monitoring criteria set to 0.00001. The total gauge 
pressure at inlet was much higher than that at outlet which shows that the blade extracts 
some energy from the flow.  
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Figure 4.2   Contour Plot of Static Pressure Distribution at Inlet velocity of 25 m/s and an 
Inlet Flow Angle of 45 degree 
 
 
 
 
 
Figure 4.2 shows the static pressure contour plot for an inlet flow velocity of 25 m/s at 45 
degree to the radial direction. The plot shows negative pressures of higher magnitude 
than the operating atmospheric pressure used for the study at some sections of the flow 
domain and this indicates cavitation. This will lead to mass transfer from the liquid 
phrase to the vapor phase. This mass transfer when incorporated in the solution will 
enable the pressures to remain positive throughout the domain. Unfortunately, no 
provision of this mass transfer can be made with the single phase modeling used for the 
study, thus the non-physical negative pressures in the solution. From the predictions of 
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the minimum pressures as observed in Tables 1 to 5, these negative pressures were 
observed for all the cases which imply that cavitation occurred in each of the cases. 
Nevertheless, the plot generally shows the reduction of pressure as fluid flow from the 
inlet to the exit. The pressure at the pressure side of the blade was also higher than that at 
the suction side. There were traces of high pressures at the stagnation points (inlet tip) of 
the blade. The drop in pressure observed at the back of the blade during the runner 
operation was also noticeable. These are normally areas where the onset of profile-type 
cavitation is usually observed. 
 
Figure 4.3 Absolute Velocity Vector Plot at Inlet Velocity 25 m/s and an Inlet Flow 
Angle of 45 degree 
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Figure 4.3 shows the absolute velocity vector plot for an inlet flow velocity of 25 m/s at 
an inlet flow of 45 degree. The velocities at the exit were quite lower as compared to that 
at inlet. The results also depict clearly the higher velocities at corresponding points on the 
suction side of the blade as compared to the pressure side with the flow hitting the 
pressure side of the blade. 
 
Figure 4.4   Relative Velocity Vector Plot at Inlet Velocity of 25 m/s and an Inlet Flow 
Angle of 45 degree 
 
 
 
 
Figure 4.4 shows the relative velocity vector plot for an inlet flow velocity of 25 m/s 
directed at 45 degree to the radial direction. The relative velocity was predicted with 
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respect to the rotating fluid (flow area enclosing the blades). The relative velocity was 
also generally higher at the suction side of the blade than the pressure side. This accounts 
for the high static pressures observed at the pressure side. 
 
Figure 4.5   Contour Plot of Total Pressure Distribution for the Case with Inlet Velocity 
of 25 m/s and an Inlet Flow Angle of 45 degree 
 
 
 
Figure 4.5 above shows the total pressure distribution for inlet flow velocity of 25 m/s 
directed at 45 degree to the radial direction. The total pressure drops from the inlet to the 
outlet as expected for a turbine. The blade extracts this energy from the fluid. The 
pressure drop that occurs at the back of the blade was also observed.   
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Figures 4.6 to 4.9 show the convergence history, static pressure contour plot, absolute 
velocity and relative velocity vector plot for the case with the inlet flow angle of 60 
degree and an inlet velocity of 40 m/s.  
 
 
Figure 4.6    Convergence History at  Inlet Velocity of 40 m/s and an Inlet Flow Angle of 
60
 
degree  
 
 
 
Convergence was achieved after about 668 iterations with a residual value set to 0.00001. 
Mass Imbalance ~ -0.0117 kg/s (about 4*10
-5 
% of the mass flow rate at inlet) 
 
Total Gauge Pressure inlet based on the Mass Weighted Average ~ 3.0546 MPa   
Total Gauge Pressure Outlet Based on the Mass Weighted Average ~ 1.3787 MPa  
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Figure 4.6 shows the convergence history of the solution after about 668 iterations for the 
case with inlet velocity of 40 m/s directed at 60 degree to the radial direction. 
Convergence of residuals was achieved with residual monitoring criteria set to 0.00001. 
The total gauge pressure at inlet was much higher than that at outlet which shows that the 
blade extracts some energy from the flow.  
 
Figure 4.7   Contour Plot of Static Pressure Distribution at Inlet velocity of 40 m/s and an 
Inlet Flow Angle of 60 degree 
 
 
 
 
 
Figure 4.7 shows the static pressure contour plot for an inlet flow velocity of 40 m/s and 
directed at 60 degree to the radial direction. As with that static pressure contour plot 
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shown in Figure 4.2 cavitation was also present in this case.  The plot also shows the 
reduction of pressure as fluid flow from the inlet to the exit. The pressure at the pressure 
side of the blade was higher than that at the suction side as expected. High pressures were 
observed at the stagnation points (inlet tip) of the blade. The drop in pressure observed at 
the back of the blade during the runner operation was also noticeable and that 
corresponds to where the negative pressures were observed. 
 
Figure 4.8 Absolute Velocity Vector Plot at Inlet Velocity 40 m/s and an Inlet Flow 
Angle of 60 degree 
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Figure 4.8 depicts the absolute velocity vector plot for an inlet flow velocity of 40 m/s 
and directed at 60 degree to the boundary at inlet. The velocities at the exit were lower as 
expected when compared to that at inlet. The velocities were higher at corresponding 
points on the suction side of the blade as compared to the pressure side with the flow 
hitting the pressure side of the blade. 
 
Figure 4.9   Relative Velocity Vector Plot at Inlet Velocity of 40 m/s and an Inlet Flow 
Angle of 60 degree 
 
 
 
Figure 4.9 shows the relative velocity vector plot for an inlet flow velocity of 40 m/s at 
60 degree to the radial direction. The relative velocity was also higher at corresponding 
points on the suction side of the blade than the pressure side.  
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Figure 4.10 shows the discharge characteristic curve of the runner at a rotational speed of 
115.4 rpm. Figures 4.11 to 4.13 show the corresponding hydraulic losses, net head, and 
power output characteristic curves of runner respectively. They were based on the 
neutralized values of these flow properties at a rotational speed of 115.4 rpm. Figure 4.14 
shows the runner efficiency characteristic curve, also at a rotational speed of 115.4 rpm.  
Figure 4.10 Plot of Inlet Flow Angle against Neutralized Discharge 
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Figure 4.10 shows the plot of inlet flow angle against the neutralized discharge at 
different inlet velocities for the rotational speed of 115.4 rpm. The curves collapsed to 
form one single curve as expected; a function of the cosine of the flow angle. Thus at a 
constant velocity, the discharge is depended only on the flow direction and remains 
constant so long as the flow direction is constant. This also supports the negligible mass 
imbalance that came about during the CFD simulation. 
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Figure 4.11  Plot of Inlet Flow Angle against the Neutralized Hydraulic Losses 
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Figure 4.11 shows the plot of relative flow angle against the neutralized flow losses at 
five different inlet velocities for a rotational speed of 115.4 rpm. The hydraulic losses 
increase with increasing inlet velocity and decrease with decreasing discharge as 
controlled by the flow angle. The negative hydraulic losses observed in some cases were 
as a result of the effect of cavitation on the predictions of the pressure which was not 
factored in this study.  
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Figure 4.12  Plot of Inlet Flow Angle against the Neutralized Net Head 
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Figure 4.12 depicts plot of inlet flow angle against the neutralized net head for five 
different relative flow velocities at rotational speed of 115.4 rpm. The net head was 
comparatively higher for the case with lower inlet velocity and decreases with decreasing 
discharge. This might be due to the high hydraulic losses encountered with the higher 
inlet velocity flow. 
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Figure 4.13 Plot of Inlet Flow Angle against Neutralized Power Output 
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Figure 4.13 displays the plot of inlet flow angle against the neutralized power output for 
different inlet flow velocity at 115.4 rpm rotational speed. The power output rises 
steadily with increasing discharge to a point and decreases with further increase in 
discharge. The highest value was observed when the velocity inlet was 20 m/s, while the 
minimum occurred when the inlet velocity was 40 m/s, and this might be due to the 
increasing flow losses with increasing velocity. Figures 4.13.1 and 4.13.2 depict the 
relative velocity plot when the inlet velocity of 20 m/s and that with an inlet velocity of 
40 m/s respectively each having a relative flow angle of 40 degree and at a rotational 
speed of 115.4 rpm. It would be observed that the losses were higher at inlet velocity of 
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40 m/s (as shown by the flow recirculation and/or separation observed around the blade) 
as compared to that with the inlet velocity of 20 m/s for the same flow angle.   
Figure 4.13.1  Relative Velocity Vector plot of the Model at Inlet velocity of 20 m/s and 
at Inlet Flow Angle of 40 degree. 
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Figure 4.13.2  Relative Velocity Vector plot of the Model at Inlet velocity of 40 m/s and 
at Inlet Flow Angle of 40 degree. 
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Figure 4.14 Plot of Inlet Flow Angle against Runner Efficiency 
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Figure 4.14 shows the plot of relative flow angle against the runner efficiency for 
different inlet flow velocity at 115.4 rpm rotational speed. The highest value was 
observed when the velocity inlet was 20 m/s, while the minimum occurred when the inlet 
velocity was 40 m/s, and this might be due to the increasing flow losses with increasing 
velocity as observed with the power output characteristic curves. The efficiency was 
slightly higher than 100 % in some cases and this might be because of the unaccounted 
effect of cavitation on the predictions. It would be observed that those points with such 
efficiency correspond to those conditions with negative hydraulic losses above in Figure 
4.11 above. 
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Figures 4.15 to 4.19 display the respective discharge, net head, hydraulic losses, power 
output and runner efficiency at varying rotational velocity for an inlet flow velocity of 30 
m /s.  
Figure 4.15 Plot of Inlet Flow Angle against Neutralized Discharge at Varying 
Rotational Speed 
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Figure 4.15 shows the discharge characteristic curve based on its neutralized value for an 
inlet velocity of 30 m/s at varying rotational speed of the runner. The discharges collapse 
to form one common curve. This is because the discharge is independent of the rotational 
speed at a constant flow velocity and flow direction. 
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Figure 4.16 Plot of Inlet Flow Angle against Neutralized Net Head at Varying 
Rotational Speed 
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Figure 4.16 displays the net head characteristic curved based on its neutralized value for a 
flow inlet velocity of 30 m/s. The net head was higher when the rotational speed was 
increased. It was proportional to the rotational speed. The rise of net head at the flow 
angle of 80 degree might be as the result of the effect of cavitation which was not 
accounted for in the analysis.  
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Figure 4.17 Plot of Inlet Flow Angle against Neutralized Flow Losses at Varying 
Rotational Speed 
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Figure 4.17 depicts the characteristic curve of the hydraulic flow losses based on its 
neutralized value for a flow inlet velocity of 30 m/s. The hydraulic losses as observed 
increased with decreasing rotational speed. The negative hydraulic losses observed in 
some of the flow angles might be as a result of cavitation which was unaccounted for in 
the analysis. Comparing Figure 4.17 to Figure 4.11, it would be observed that the inlet 
velocity has significant effect on the hydraulic losses than the rotational speed.  
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Figure 4.18 Plot of Inlet Flow Angle against Neutralized Power Output at Varying 
Rotational Speed 
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Figure 4.18 shows the characteristic curve of power output based on its neutralized value 
for the case with inlet flow velocity of 30 m/s. The power output was generally lower 
with the lowest rotational speed. It was proportional to the rotational speed. 
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Figure 4.19 Plot of Inlet Flow Angle against Runner Efficiency at Varying Rotational 
Speed 
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The Figure above (Figure 4.19) shows the runner efficiency characteristic curve at 
varying rotational speed for a flow inlet velocity of 30 m/s. The efficiency increased with 
increasing rotational speed and follows the same pattern. The sudden change of the curve 
from the relative flow angle of 75 degree for the case with the rotational speed of 76.9 
rpm might be as a result of cavitation which was not accounted for. This effect was also 
witnessed in the hydraulic loss characteristic curve. 
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Table 1 depicts results of predictions obtained for the flow properties of interest at an 
inlet flow velocity of 20 m/s. The flow properties of concern were the discharge, torque, 
gross head, net head across the blade, and minimum pressure. From these quantities, the 
hydraulic losses, power output and their corresponding neutralized values for each of the 
range of angle subtended were also calculated. The properties were neutralized to enable 
them to be compared. 
 
 The discharge was calculated from the FLUENT flux report of the mass flow rate at inlet 
and outlet. The torque was calculated from the force and moment report on the blade 
about the center of rotation which is the origin in this case. The gross head represents the 
mass weighted average of total pressure head at inlet while the net head represents the 
mass weighted average of the difference in total pressure head at inlet and outlet. 
 
The minimum pressure represents the minimum gauge static pressure in the flow domain. 
Tables 1 to 5 depict results of corresponding predictions for cases of flow inlet of 25, 30, 
35 and 40 m/s, respectively. The rotational speed of the runner was at 173.1 rpm. 
 Tables 6-10 show results of predictions for the same cases and subtending the same 
angles aforementioned but with a rotational speed of 115.4 rpm; while Tables 11-15 
shows the corresponding ones for a rotational speed of 76.9 rpm.  
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The gross head is the total pressure at the inlet to the model expressed as head while the 
net head is the difference in total pressure at inlet and outlet. The hydraulic losses flow 
energy loss as it passes through the rotor passage; they are calculated as the difference 
between the net head and the power output expressed as head (that is, dividing the power 
output with the product of the density, discharge and the free fall acceleration). The 
neutralized discharge is the discharge normalized with the product of the velocity and 
flow area while neutralized power output is the energy output normalized by the flow 
energy. The neutralized net head and neutralized hydraulic losses were the net head and 
hydraulic losses respectively normalized with their respective velocity head. The flow 
coefficient is the discharge divided by the product of the rotational speed and the cube of 
the diameter of the rotor. The head coefficient is the net head divided by the product of 
the square of both the rotational speed and the rotor diameter. The runner efficiency is the 
ratio of the power output to the flow power (based on the net head) expressed in 
percentage. The footnotes on each of the tables’ further show how each of the flow 
properties were calculated. 
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CFD Predictions of Flow Properties 
 
Rotational Speed of 173.1 rpm 
 
Table 1  For the Case of Inlet velocity of 20 m/s 
 
Inlet  
Flow 
Angle 
 
(deg.) 
 
Discharge 
 
(m3/s) 
 
Torque 
 
(MNm) 
 
 
Gross 
Head1  
 
(m) 
 
 
Net  
Head2 
 
 (m) 
  
 
Hydraulic 
Losses3 
 
 (m) 
 
 
Minimum 
Gauge 
Pressures  
 
(kPa) 
Power 
Output 
 
(MW) 
Neutralized 
Discharge4 
*10-3 
Neutralized 
Power 
Output5 
Neutralized 
Net Head6 
 
 
Neutralized 
Hydraulic 
Losses7 
 
 
 
Flow 
Coefficient 
*10-3 
 
 
 
Head 
Coefficient 
*10-3 
 
Runner 
Efficiency 
(%) 
 
 
 
 
20 22.7 1.77 280.4 203.8 59.9 -597.6 32.0 323.9 2.29 10.0 2.94 29.2 496.5 70.6 
25 22.2 1.84 283.5 220.7 67.7 -505.8 33.3 317.2 2.38 10.8 3.32 28.6 537.6 69.3 
30 21.6 1.89 284.7 218.4 56.1 -418.8 34.3 308.0 2.45 10.7 2.75 27.7 532.2 74.3 
35 20.8 1.91 285.6 216.3 46.0 -333.7 34.7 296.5 2.48 10.6 2.26 26.7 527.0 78.7 
40 19.8 1.90 286.3 214.1 36.8 -274.7 34.4 282.8 2.46 10.5 1.80 25.5 521.7 82.8 
45 18.7 1.85 286.6 212.0 28.8 -208.4 33.6 266.9 2.40 10.4 1.41 24.0 516.6 86.4 
50 17.4 1.78 286.2 208.8 19.6 -153.1 32.3 248.9 2.31 10.2 0.96 22.4 508.8 90.6 
55 16.0 1.69 285.5 205.8 11.4 -171.2 30.6 229.1 2.18 10.1 0.56 20.6 501.4 94.4 
 
 
 
 
 
                                                 
1
 (ptotal[in] )/ρg 
2
 (ptotal[in] – ptotal[out])/ρg 
3
 {Net Head – (Power Output/ρgQ)} 
4
 Discharge/(A*Velocity) ; where A is Area per unit width rated in m
2
 and was 3.5 m
2
 
5
 Power Output/(0.5 ρA *cubic Velocity); where ρ is density. 0.5ρA is rated in kg/m and was 1750 kg/m 
6
 Net Head/(square Velocity/2g); where g is the acceleration due to gravity = 9.81 m
2
/s  
7
 Hydraulic Losses/(square Velocity/2g); where g =9.81 m
2
/s  
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Table 1 reveals increasing efficiency up to an inlet angle of 55 degree. This yields a 
specific speed of 45.3, with the specific speed defined as Ns = 1.167N P
1/2
/H
5/4
   where N 
is in rpm, H in meters and P in Kilowatts. The maximum runner efficiency was 94.4%. 
The maximum power however was obtained at an angle of 35 degree, with a runner 
efficiency of 78.7%. The results look plausible except that the values of the minimum 
pressures are far too low because cavitation was not considered in the analysis. It is seen 
that as the relative flow inlet angle increases to 55 degree, the magnitude of the negative 
pressure decreases while the efficiency increases. Thus, at the near design conditions, 
(that is best runner efficiency), the cavitation problem is less severe for the off design 
conditions.        
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Table 2  For the Case of Inlet velocity of 25 m/s 
 
Inlet  
Flow 
Angle 
 
(deg.) 
 
Discharge 
 
(m3/s) 
 
Torque 
 
(MNm) 
 
 
Gross 
Head8  
 
(m) 
 
 
Net  
Head9 
 
 (m) 
  
 
Hydraulic 
Losses10 
 
 (m) 
 
 
Minimum  
Gauge 
Pressures  
 
(kPa) 
Power 
Output 
 
(MW) 
Neutralized 
Discharge11 
*10-3 
Neutralized 
Power 
Output12 
Neutralized 
Net Head13 
 
 
Neutralized 
Hydraulic 
Losses14 
 
 
 
 
Flow 
Coefficient 
*10-3 
 
 
 
 
Head 
Coefficient 
*10-3 
 
Runner 
Efficiency 
 
 
 
 
20 28.3 2.28 332.4 252.3 103.4 -1019.6 41.4 323.9 1.51 7.92 3.25 36.5 614.7 59.0 
25 27.8 2.42 333.9 248.2 87.4 -892.0 43.8 317.2 1.60 7.79 2.74 35.7 604.7 64.8 
30 27.0 2.52 333.7 242.7 70.3 -736.5 45.6 308.0 1.67 7.62 2.21 34.7 591.4 71.1 
35 25.9 2.57 332.9 237.0 53.9 -613.5 46.6 296.5 1.70 7.44 1.69 33.4 577.3 77.3 
40 24.7 2.58 331.0 230.9 38.5 -485.5 46.7 282.8 1.71 7.25 1.21 31.8 562.5 83.3 
45 23.4 2.53 329.3 225.1 24.9 -397.1 45.9 266.9 1.68 7.07 0.78 30.0 548.5 88.9 
50 21.8 2.44 327.1 218.9 11.6 -308.0 44.3 248.9 1.62 6.87 0.36 28.0 533.4 94.7 
55 20.0 2.32 324.4 212.5 -1.5 -296.5 42.1 229.1 1.54 6.67 -0.05 25.8 517.6 100.7 
 
 
 
 
 
 
 
 
 
                                                 
8
 (ptotal[in] )/ρg 
9
 (ptotal[in] – ptotal[out])/ρg 
10
 {Net Head – (Power Output/ρgQ)} 
11
 Discharge/(A*Velocity) ; where A is Area per unit width rated in m
2
 and was 3.5 m
2
 
12
 Power Output/(0.5 ρA *cubic Velocity); where ρ is density. 0.5ρA is rated in kg/m and was 1750 kg/m 
13
 Net Head/(square Velocity/2g); where g is the acceleration due to gravity = 9.81 m
2
/s  
14
 Hydraulic Losses/(square Velocity/2g); where g =9.81 m
2
/s  
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Table 2 reveals corresponding results for inlet velocity of 25 m/s. The maximum runner 
efficiency again occurs at an angle of 55 degree; however, its value is greater than 100% 
corresponding to negative hydraulic losses. The negative hydraulic losses rather add up 
(gives a positive impact) to the runner efficiency instead of decreasing it (giving it a 
negative impact); thus the runner efficiency that was calculated was excessive. This 
might be due to the effect of cavitation on the flow properties which were not accounted 
for in the single phase analysis as observed again with the unrealistic negative pressures 
which were inhibited in the predictions. The presence of vapor in the working fluid if 
considered in the solution is expected to increase the hydraulic losses making it positive 
in magnitude and thus reducing the runner efficiency what was predicted. 
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Table 3  For the Case of Inlet velocity of 30 m/s 
 
Inlet 
Flow 
Angle 
 
(deg.) 
 
Discharge 
 
(m3/s) 
 
Torque 
 
(MNm) 
 
 
Gross 
Head15  
 
(m) 
 
 
Net  
Head16 
 
 (m) 
  
 
Hydraulic 
Losses17 
 
 (m) 
 
 
Minimum 
Pressures  
 
(kPa) 
Power 
Output 
 
(MW) 
Neutralized 
Discharge18 
*10-3 
Neutralized 
Power 
Output19 
Neutralized 
Net Head20 
 
 
Neutralized 
Hydraulic 
Losses21 
 
 
 
Flow 
Coefficient 
*10-3 
 
 
 
Head 
Coefficient 
*10-3 
 
Runner 
Efficiency 
 
 
 
 
20 34.0 2.82 395.2 311.9 158.9 -1533.2 51.0 323.9 1.08 6.80 3.46 43.8 759.9 49.0 
25 33.3 3.03 395.2 304.8 136.8 -1336.8 54.9 317.2 1.16 6.64 2.98 42.8 742.6 55.1 
30 32.3 3.19 392.9 296.0 113.8 -1092.3 57.8 308.0 1.22 6.45 2.48 41.6 721.2 61.6 
35 31.1 3.30 388.9 286.0 90.2 -908.3 59.8 296.5 1.27 6.23 1.97 40.1 696.7 68.4 
40 29.7 3.33 383.9 275.9 68.6 -718.9 60.4 282.8 1.28 6.01 1.49 38.2 672.2 75.1 
45 28.0 3.29 379.0 266.3 49.3 -595.7 59.7 266.9 1.26 5.80 1.07 36.0 648.7 81.5 
50 26.1 3.19 373.8 256.6 31.2 -472.6 57.8 248.9 1.22 5.59 0.68 33.6 625.0 87.9 
55 24.1 3.04 368.1 246.2 12.9 -436.1 55.1 229.1 1.17 5.37 0.28 30.9 599.9 94.8 
60 21.8 2.84 362.4 236.2 -4.2 -377.2 51.4 207.5 1.09 5.15 -0.09 28.0 575.4 101.8 
 
 
 
 
 
 
 
 
 
                                                 
15
 (ptotal[in] )/ρg 
16
 (ptotal[in] – ptotal[out])/ρg 
17
 {Net Head – (Power Output/ρgQ)} 
18
 Discharge/(A*Velocity) ; where A is Area per unit width rated in m
2
 and was 3.5 m
2
 
19
 Power Output/(0.5 ρA *cubic Velocity); where ρ is density. 0.5ρA is rated in kg/m and was 1750 kg/m 
20
 Net Head/(square Velocity/2g); where g is the acceleration due to gravity = 9.81 m
2
/s  
21
 Hydraulic Losses/(square Velocity/2g); where g =9.81 m
2
/s  
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Table 3 shows the predictions for the corresponding inlet velocity of 30 m/s. It follows 
the same pattern of the previous ones described earlier. The maximum runner efficiency 
occurs at a slightly larger angle. The specific speed corresponding to the largest realistic 
runner efficiency (94.8%) was 48.6. The minimum pressure values are smaller than that 
for inlet velocity 25 m/s which is also smaller than that of 20 m/s. 
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Table 4  For the Case of Inlet velocity of 35 m/s 
 
Inlet  
Flow 
Angle 
 
(deg.) 
 
Discharge 
 
(m3/s) 
 
Torque 
 
(MNm) 
 
 
Gross 
Head22  
 
(m) 
 
 
Net  
Head23 
 
 (m) 
  
 
Hydraulic 
Losses24 
 
 (m) 
 
 
Minimum 
Pressures  
 
(kPa) 
Power 
Output 
 
(MW) 
Neutralized 
Discharge25 
*10-3 
Neutralized 
Power 
Output26 
Neutralized 
Net Head27 
 
 
Neutralized 
Hydraulic 
Losses28 
 
 
 
Flow 
Coefficient 
*10-3 
 
 
 
Head 
Coefficient 
*10-3 
 
Runner 
Efficiency 
 
 
 
 
20 39.7 3.37 469.1 382.3 225.5 -2122.1 61.0 323.9 0.81 6.12 3.61 51.0 931.4 41.0 
25 38.9 3.66 466.6 371.9 197.7 -1870.6 66.4 317.2 0.89 5.96 3.17 50.0 906.2 46.8 
30 37.7 3.91 461.6 358.9 167.6 -1554.2 70.8 308.0 0.94 5.75 2.68 48.5 874.5 53.3 
35 36.3 4.08 454.4 344.5 137.0 -1291.1 73.9 296.5 0.99 5.52 2.19 46.7 839.3 60.2 
40 34.6 4.17 444.9 328.8 106.6 -1021.4 75.5 282.8 1.01 5.27 1.71 44.6 801.1 67.6 
45 32.7 4.14 435.7 314.2 80.4 -828.0 75.0 266.9 1.00 5.03 1.29 42.1 765.4 74.4 
50 30.5 4.02 426.4 299.6 56.0 -674.6 72.9 248.9 0.97 4.80 0.90 39.2 730.0 81.3 
55 28.1 3.84 416.8 284.9 32.2 -605.9 69.6 229.1 0.93 4.56 0.52 36.1 694.2 88.7 
60 25.4 3.59 407.4 270.5 9.5 -559.2 65.1 207.5 0.87 4.33 0.15 32.7 659.0 96.5 
 
 
 
 
 
 
 
 
 
                                                 
22
 (ptotal[in] )/ρg 
23
 (ptotal[in] – ptotal[out])/ρg 
24
 {Net Head – (Power Output/ρgQ)} 
25
 Discharge/(A*Velocity) ; where A is Area per unit width rated in m
2
 and was 3.5 m
2
 
26
 Power Output/(0.5 ρA *cubic Velocity); where ρ is density. 0.5ρA is rated in kg/m and was 1750 kg/m 
27
 Net Head/(square Velocity/2g); where g is the acceleration due to gravity = 9.81 m
2
/s  
28
 Hydraulic Losses/(square Velocity/2g); where g =9.81 m
2
/s  
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Table 4 shows realistic efficiencies up to inlet flow angles of 60 degree. The minimum 
pressures were lower than the previous cases. The specific speed corresponding to the 
maximum efficiency was 47.0. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  59 
Table 5  For the Case of Inlet velocity of 40 m/s 
 
Inlet  
Flow 
Angle 
 
(deg.) 
 
Discharge 
 
(m3/s) 
 
Torque 
 
(MNm) 
 
 
Gross 
Head29  
 
(m) 
 
 
Net  
Head30 
 
 (m) 
  
 
Hydraulic 
Losses31 
 
 (m) 
 
 
Minimum 
Pressures  
 
(kPa) 
Power 
Output 
 
(MW) 
Neutralized 
Discharge32 
*10-3 
Neutralized 
Power 
Output33 
Neutralized 
Net Head34 
 
 
Neutralized 
Hydraulic 
Losses35 
 
 
 
Flow 
Coefficient 
*10-3 
 
 
 
Head 
Coefficient 
*10-3 
 
Runner 
Efficiency 
 
 
 
 
20 45.4 3.93 553.6 463.5 303.5 -2826.4 71.2 323.9 0.64 5.68 3.72 58.3 1129.2 34.5 
25 44.4 4.33 548.5 449.2 268.9 -2470.9 78.6 317.2 0.70 5.51 3.30 57.1 1094.5 40.1 
30 43.1 4.68 539.6 431.2 230.7 -2089.6 84.8 308.0 0.76 5.29 2.83 55.5 1050.5 46.5 
35 41.5 4.91 528.8 412.2 193.5 -1738.1 89.0 296.5 0.80 5.05 2.37 53.4 1004.1 53.0 
40 39.6 5.05 514.8 390.8 155.1 -1376.8 91.5 282.8 0.82 4.79 1.90 50.9 952.1 60.3 
45 37.4 5.06 499.4 369.1 118.7 -1071.1 91.8 266.9 0.82 4.53 1.45 48.1 899.2 67.8 
50 34.9 4.94 485.1 348.9 87.1 -884.1 89.5 248.9 0.80 4.28 1.07 44.8 850.1 75.0 
55 32.1 4.72 470.6 328.7 56.6 -808.2 85.6 229.1 0.76 4.03 0.69 41.3 800.7 82.8 
60 29.1 4.42 456.7 309.0 27.6 -733.0 80.2 207.5 0.72 3.79 0.34 37.4 752.9 91.1 
65 25.8 4.05 443.7 290.0 -0.02 -567.1 73.4 184.4 0.66 3.56 0.00 33.2 706.5 100.0 
 
 
 
 
 
 
 
 
                                                 
29
 (ptotal[in] )/ρg 
30
 (ptotal[in] – ptotal[out])/ρg 
31
 {Net Head – (Power Output/ρgQ)} 
32
 Discharge/(A*Velocity) ; where A is Area per unit width rated in m
2
 and was 3.5 m
2
 
33
 Power Output/(0.5 ρA *cubic Velocity); where ρ is density. 0.5ρA is rated in kg/m and was 1750 kg/m 
34
 Net Head/(square Velocity/2g); where g is the acceleration due to gravity = 9.81 m
2
/s  
35
 Hydraulic Losses/(square Velocity/2g); where g =9.81 m
2
/s  
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Table 5 shows maximum runner efficiency at an angle of 65 degree and with lesser 
values of negative pressures. This runner efficiency might be excessive due to the 
negative hydraulic losses which follows the explanation made for the previous case (for 
table 2).  
 
Comparison of the predictions from table 1 to 5 reveals a shift of maximum efficiency 
points with increasing inlet velocity. The optimum flow angle increases with increase in 
inlet velocity. The comparison also reveals an increase in the magnitude of the maximum 
negative pressure with increase in inlet velocity. The runner efficiencies observed for 
each of the cases might be higher than that expected due to the effect of cavitation which 
was not included in the analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  61 
Rotational Speed of 115.4 rpm 
 
Table 6  For the Case of Inlet velocity of 20 m/s 
 
Inlet  
Flow 
Angle 
 
(deg.) 
 
Discharge 
 
(m3/s) 
 
Torque 
 
(MNm) 
 
 
Gross 
Head36  
 
(m) 
 
 
Net  
Head37 
 
 (m) 
  
 
Hydraulic 
Losses38 
 
 (m) 
 
 
Minimum 
Pressures  
 
(kPa) 
Power 
Output 
 
(MW) 
Neutralized 
Discharge39 
*10-3 
Neutralized 
Power 
Output40 
Neutralized 
Net Head41 
 
 
Neutralized 
Hydraulic 
Losses42 
 
 
 
Flow 
Coefficient 
*10-3 
 
 
 
Head 
Coefficient 
*10-3 
 
Runner 
Efficiency 
 
 
 
 
20 22.7 1.26 192.9 138.7 70.6 -650.4 15.2 323.9 1.08 6.80 3.46 43.8 761.2 49.1 
25 22.2 1.35 176.2 135.7 61.0 -567.5 16.3 317.2 1.16 6.65 2.99 42.9 744.6 55.0 
30 21.6 1.42 175.7 131.8 50.6 -469.1 17.2 308.0 1.23 6.47 2.48 41.6 723.5 61.6 
35 20.8 1.46 173.7 127.8 41.4 -388.9 17.6 296.5 1.26 6.27 2.03 40.1 701.4 67.6 
40 19.8 1.47 171.5 123.4 31.8 -306.7 17.8 282.8 1.27 6.05 1.56 38.2 677.0 74.2 
45 18.7 1.46 169.3 119.0 23.0 -250.0 17.6 266.9 1.26 5.84 1.13 36.1 653.1 80.6 
50 17.4 1.41 167.1 114.8 15.1 -194.4 17.0 248.9 1.22 5.63 0.74 33.6 630.0 86.8 
55 16.0 1.35 164.5 110.1 6.8 -181.7 16.2 229.1 1.16 5.40 0.33 31.0 604.2 93.8 
60 14.5 1.26 162.1 105.8 -0.7 -104.2 15.2 207.5 1.08 5.19 -0.03 28.0 580.4 100.6 
 
 
 
 
 
 
 
                                                 
36
 (ptotal[in] )/ρg 
37
 (ptotal[in] – ptotal[out])/ρg 
38
 {Net Head – (Power Output/ρgQ)} 
39
 Discharge/(A*Velocity) ; where A is Area per unit width rated in m
2
 and was 3.5 m
2
 
40
 Power Output/(0.5 ρA *cubic Velocity); where ρ is density. 0.5ρA is rated in kg/m and was 1750 kg/m 
41
 Net Head/(square Velocity/2g); where g is the acceleration due to gravity = 9.81 m
2
/s  
42
 Hydraulic Losses/(square Velocity/2g); where g =9.81 m
2
/s  
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Table 6 to 10 shows the predictions for rotational speed of 115.4 rpm at the same 
discharge and exit pressure as those of table 1 to 5; however, the gross head obtained 
from the calculation was different. This means the rotational speed has an upstream effect 
on the flow at the inlet of the runner.  
 
Comparison of tables 6 to 10 against the corresponding tables 1 to 5 reveals that as the 
rotational runner speed decreases from 173.1 rpm to 115.4 rpm, the angle at which the 
maximum efficiency occurred increased. This is expected since maximum efficiency 
occurs when the relative flow is nearly tangential to blade inlet angle and therefore inlet 
flow angle must change with changing rotational speed to keep the relative flow pointing 
tangential to the blade inlet angle. The torque is also observed to decrease with 
decreasing rotational speed and since the power output is the product of the torque and 
the rotational speed, the power output drops rapidly. 
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Table 7  For the Case of Inlet velocity of 25 m/s 
 
Inlet  
Flow 
Angle 
 
(deg.) 
 
Discharge 
 
(m3/s) 
 
Torque 
 
 
(MNm) 
 
 
Gross 
Head43  
 
(m) 
 
 
Net  
Head44 
 
 (m) 
  
 
Hydraulic 
Losses45 
 
 (m) 
 
 
Minimum 
Pressures  
 
(kPa) 
Power 
Output 
 
(MW) 
Neutralized 
Discharge46 
*10-3 
Neutralized 
Power 
Output47 
Neutralized 
Net Head48 
 
 
Neutralized 
Hydraulic 
Losses49 
 
 
 
Flow 
Coefficient 
*10-3 
 
 
 
Head 
Coefficient 
*10-3 
 
Runner 
Efficiency 
 
 
 
 
20 28.3 1.64 227.2 186.7 115.4 -1055.0 19.8 323.9 0.73 5.86 3.62 54.7 1024.8 38.2 
25 27.8 1.79 225.9 181.8 102.4 -913.7 21.6 317.2 0.79 5.71 3.21 53.6 997.5 43.7 
30 27.0 1.92 223.2 175.1 87.3 -755.5 23.2 308.0 0.85 5.50 2.74 52.0 960.9 50.1 
35 25.9 1.99 218.9 168.3 74.0 -636.9 24.0 296.5 0.88 5.28 2.32 50.1 923.8 56.0 
40 24.7 2.04 213.8 160.2 58.8 -506.1 24.6 282.8 0.90 5.03 1.85 47.8 879.1 63.3 
45 23.4 2.03 208.5 152.4 45.3 -397.1 24.5 266.9 0.90 4.78 1.42 45.1 836.2 70.2 
50 21.8 1.98 203.3 144.7 32.9 -321.6 23.9 248.9 0.87 4.54 1.03 42.1 794.1 77.3 
55 20.0 1.89 198.0 136.9 20.8 -252.6 22.8 229.1 0.84 4.30 0.65 38.7 751.5 84.8 
60 18.2 1.77 192.9 129.5 9.5 -209.3 21.4 207.5 0.78 4.06 0.30 35.1 710.5 92.7 
65 16.1 1.62 188.1 122.1 -1.5 -137.9 19.6 184.4 0.72 3.83 -0.05 31.1 670.1 101.3 
 
 
 
 
 
 
 
 
                                                 
43
 (ptotal[in] )/ρg 
44
 (ptotal[in] – ptotal[out])/ρg 
45
 {Net Head – (Power Output/ρgQ)} 
46
 Discharge/(A*Velocity) ; where A is Area per unit width rated in m
2
 and was 3.5 m
2
 
47
 Power Output/(0.5 ρA *cubic Velocity); where ρ is density. 0.5ρA is rated in kg/m and was 1750 kg/m 
48
 Net Head/(square Velocity/2g); where g is the acceleration due to gravity = 9.81 m
2
/s  
49
 Hydraulic Losses/(square Velocity/2g); where g =9.81 m
2
/s  
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Table 8  For the Case of Inlet velocity of 30 m/s 
 
Inlet  
Flow 
Angle 
 
(deg.) 
 
Discharge 
 
(m3/s) 
 
Torque 
 
(MNm) 
 
 
Gross 
Head50  
 
(m) 
 
 
Net  
Head51 
 
 (m) 
  
 
Hydraulic 
Losses52 
 
 (m) 
 
 
Minimum 
Pressures  
 
(kPa) 
Power 
Output 
 
(MW) 
Neutralized 
Discharge53 
*10-3 
Neutralized 
Power 
Output54 
Neutralized 
Net Head55 
 
 
Neutralized 
Hydraulic 
Losses56 
 
 
 
Flow 
Coefficient 
*10-3 
 
 
 
Head 
Coefficient 
*10-3 
Runner 
Efficiency 
 
 
 
 
20 34.0 2.04 289.2 246.0 172.3 -1534.9 24.6 323.9 0.52 5.36 3.76 65.7 1350.1 30.0 
25 33.3 2.27 285.3 237.7 153.8 -1342.8 27.4 317.2 0.58 5.18 3.35 64.3 1304.5 35.3 
30 32.3 2.48 279.7 227.6 133.3 -1103.8 29.9 308.0 0.63 4.96 2.91 62.4 1248.8 41.4 
35 31.1 2.59 272.5 216.8 114.3 -899.3 31.3 296.5 0.66 4.73 2.49 60.1 1190.0 47.3 
40 29.7 2.68 263.7 204.5 93.4 -715.6 32.4 282.8 0.68 4.46 2.04 57.3 1122.5 54.3 
45 28.0 2.68 254.5 192.5 74.6 -558.7 32.4 266.9 0.69 4.20 1.63 54.1 1056.5 61.3 
50 26.1 2.63 245.6 180.7 57.0 -454.9 31.7 248.9 0.67 3.94 1.24 50.5 991.8 68.5 
55 24.1 2.52 236.7 168.9 40.0 -365.0 30.4 229.1 0.64 3.68 0.87 46.4 926.9 76.3 
60 21.8 2.36 228.1 157.3 23.7 -308.2 28.6 207.5 0.60 3.43 0.52 42.1 863.4 84.9 
65 19.4 2.17 220.1 146.3 8.4 -269.8 26.2 184.4 0.55 3.19 0.18 37.4 802.8 94.2 
70 16.8 1.93 213.3 136.3 -5.3 -264.0 23.3 159.8 0.49 2.97 -0.12 32.4 748.2 103.9 
 
 
 
 
 
 
 
                                                 
50
 (ptotal[in] )/ρg 
51
 (ptotal[in] – ptotal[out])/ρg 
52
 {Net Head – (Power Output/ρgQ)} 
53
 Discharge/(A*Velocity) ; where A is Area per unit width rated in m
2
 and was 3.5 m
2
 
54
 Power Output/(0.5 ρA *cubic Velocity); where ρ is density. 0.5ρA is rated in kg/m and was 1750 kg/m 
55
 Net Head/(square Velocity/2g); where g is the acceleration due to gravity = 9.81 m
2
/s  
56
 Hydraulic Losses/(square Velocity/2g); where g =9.81 m
2
/s  
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Table 9  For the Case of Inlet velocity of 35 m/s 
 
Inlet  
Flow 
Angle 
 
(deg.) 
 
Discharge 
 
(m3/s) 
 
Torque 
 
(MNm) 
 
 
Gross 
Head57  
 
(m) 
 
 
Net  
Head58 
 
 (m) 
  
 
Hydraulic 
Losses59 
 
 (m) 
 
 
Minimum 
Pressures  
 
(kPa) 
Power 
Output 
 
(MW) 
Neutralized 
Discharge60 
*10-3 
Neutralized 
Power 
Output61 
Neutralized 
Net Head62 
 
 
Neutralized 
Hydraulic 
Losses63 
 
 
 
Flow 
Coefficient 
*10-3 
 
 
 
Head 
Coefficient 
*10-3 
Runner 
Efficiency 
 
 
 
 
20 39.7 2.45 361.8 315.7 239.6 -2121.1 29.6 323.9 0.39 5.06 3.84 76.6 1732.6 24.1 
25 38.9 2.78 355.1 304.0 215.9 -1838.8 33.6 317.2 0.45 4.87 3.46 75.0 1668.1 29.0 
30 37.7 3.07 345.8 289.5 189.5 -1528.1 37.0 308.0 0.49 4.64 3.03 72.9 1588.7 34.6 
35 36.3 3.24 335.1 274.6 164.7 -1284.6 39.2 296.5 0.52 4.40 2.64 70.1 1507.1 40.0 
40 34.6 3.37 322.4 257.8 138.0 -1015.8 40.7 282.8 0.54 4.13 2.21 66.9 1414.8 46.5 
45 32.7 3.43 307.6 239.5 110.5 -754.4 41.4 266.9 0.55 3.84 1.77 63.1 1314.5 53.9 
50 30.5 3.36 293.9 222.6 86.8 -617.3 40.6 248.9 0.54 3.56 1.39 58.9 1221.4 61.0 
55 28.1 3.23 280.4 205.8 63.9 -503.0 39.0 229.1 0.52 3.30 1.02 54.2 1129.1 68.9 
60 25.4 3.04 267.6 189.5 42.3 -402.3 36.7 207.5 0.49 3.04 0.68 49.1 1039.9 77.7 
65 22.6 2.79 255.6 173.9 21.8 -414.0 33.7 184.4 0.45 2.79 0.35 43.6 954.5 87.5 
70 19.6 2.49 245.4 159.9 3.4 -439.4 30.0 159.8 0.40 2.56 0.06 37.8 877.5 97.8 
 
 
 
 
 
 
 
                                                 
57
 (ptotal[in] )/ρg 
58
 (ptotal[in] – ptotal[out])/ρg 
59
 {Net Head – (Power Output/ρgQ)} 
60
 Discharge/(A*Velocity) ; where A is Area per unit width rated in m
2
 and was 3.5 m
2
 
61
 Power Output/(0.5 ρA *cubic Velocity); where ρ is density. 0.5ρA is rated in kg/m and was 1750 kg/m 
62
 Net Head/(square Velocity/2g); where g is the acceleration due to gravity = 9.81 m
2
/s  
63
 Hydraulic Losses/(square Velocity/2g); where g =9.81 m
2
/s  
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Table 10  For the Case of Inlet velocity of 40 m/s 
 
Inlet  
Flow 
Angle 
 
(deg.) 
 
Discharge 
 
(m3/s) 
 
Torque 
 
(MNm) 
 
 
Gross 
Head64  
 
(m) 
 
 
Net  
Head65 
 
 (m) 
  
 
Hydraulic 
Losses66 
 
 (m) 
 
 
Minimum 
Pressures  
 
(kPa) 
Power 
Output 
 
(MW) 
Neutralized 
Discharge67 
*10-3 
Neutralized 
Power 
Output68 
Neutralized 
Net Head69 
 
 
Neutralized 
Hydraulic 
Losses70 
 
 
 
Flow 
Coefficient 
*10-3 
 
 
 
Head 
Coefficient 
*10-3 
Runner 
Efficiency 
 
 
 
 
20 45.4 2.88 445.4 396.3 318.1 -2832.1 34.8 323.9 0.31 4.86 3.90 87.6 2174.7 19.7 
25 44.4 3.30 434.9 380.5 288.9 -2437.4 39.9 317.2 0.36 4.67 3.54 85.7 2088.4 24.1 
30 43.1 3.68 421.9 361.6 256.4 -2017.8 44.5 308.0 0.40 4.43 3.14 83.3 1984.4 29.1 
35 41.5 3.96 406.4 340.9 223.4 -1684.9 47.9 296.5 0.43 4.18 2.74 80.2 1870.7 34.5 
40 39.6 4.15 388.4 318.1 189.0 -1331.4 50.1 282.8 0.45 3.90 2.32 76.4 1745.6 40.6 
45 37.4 4.25 367.6 293.4 153.3 -976.5 51.3 266.9 0.46 3.60 1.88 72.1 1610.1 47.7 
50 34.9 4.18 348.3 270.5 122.7 -788.8 50.5 248.9 0.45 3.32 1.51 67.3 1484.6 54.6 
55 32.1 4.03 329.4 247.9 93.3 -763.6 48.6 229.1 0.43 3.04 1.14 61.9 1360.3 62.4 
60 29.1 3.79 311.4 226.0 65.2 -492.8 45.8 207.5 0.41 2.77 0.80 56.1 1240.0 71.1 
65 25.8 3.49 294.7 205.1 38.7 -569.7 42.1 184.4 0.38 2.52 0.48 49.8 1125.7 81.1 
70 22.4 3.11 280.4 186.3 15.1 -634.5 37.6 159.8 0.34 2.28 0.18 43.2 1022.6 91.9 
75 18.8 2.66 270.9 171.8 -3.0 -686.2 32.2 134.0 0.29 2.11 -0.03 36.2 942.6 101.8 
 
 
 
 
 
 
                                                 
64
 (ptotal[in] )/ρg 
65
 (ptotal[in] – ptotal[out])/ρg 
66
 {Net Head – (Power Output/ρgQ)} 
67
 Discharge/(A*Velocity) ; where A is Area per unit width rated in m
2
 and was 3.5 m
2
 
68
 Power Output/(0.5 ρA *cubic Velocity); where ρ is density. 0.5ρA is rated in kg/m and was 1750 kg/m 
69
 Net Head/(square Velocity/2g); where g is the acceleration due to gravity = 9.81 m
2
/s  
70
 Hydraulic Losses/(square Velocity/2g); where g =9.81 m
2
/s  
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Rotational Speed of 76.9 rpm 
 
Table 11  For the Case of Inlet velocity of 20 m/s 
 
Inlet  
Flow 
Angle 
 
(deg.) 
 
Discharge 
 
(m3/s) 
 
Torque 
 
(MNm) 
 
 
Gross 
Head71  
 
(m) 
 
 
Net  
Head72 
 
 (m) 
  
 
Hydraulic 
Losses73 
 
 (m) 
 
 
Minimum 
Pressures  
 
(kPa) 
Power 
Output 
 
(MW) 
Neutralized 
Discharge74 
*10-3 
Neutralized 
Power 
Output75 
Neutralized 
Net Head76 
 
 
Neutralized 
Hydraulic 
Losses77 
 
 
 
Flow 
Coefficient 
*10-3+ 
 
 
 
 
Head 
Coefficient 
*10-3 
Runner 
Efficiency 
 
 
 
 
20 22.7 0.92 128.9 109.1 76.0 -667.3 7.4 323.9 0.53 5.35 3.73 65.7 1348.8 30.4 
25 22.2 1.01 127.4 105.8 68.5 -576.7 8.1 317.2 0.58 5.19 3.36 64.3 1307.9 35.3 
30 21.6 1.10 125.0 101.3 59.3 -484.0 8.9 308.0 0.63 4.97 2.91 62.5 1251.7 41.4 
35 20.8 1.14 121.7 96.9 51.6 -401.2 9.2 296.5 0.66 4.75 2.53 60.1 1197.2 46.7 
40 19.8 1.18 117.8 91.5 42.5 -318.9 9.5 282.8 0.68 4.49 2.08 57.4 1130.4 53.5 
45 18.7 1.19 113.7 86.0 33.7 -242.4 9.6 266.9 0.68 4.22 1.65 54.1 1062.4 60.8 
50 17.4 1.16 109.7 80.7 25.9 -195.2 9.4 248.9 0.67 3.96 1.27 50.5 997.1 68.0 
55 16.0 1.12 105.7 75.4 18.3 -154.9 9.0 229.1 0.64 3.70 0.90 46.5 932.2 75.7 
60 14.5 1.05 101.9 70.4 11.2 -153.0 8.4 207.5 0.60 3.45 0.55 42.1 869.4 84.1 
65 12.9 0.96 98.4 65.4 4.3 -79.5 7.7 184.4 0.55 3.21 0.21 37.4 808.6 93.5 
70 11.2 0.86 95.3 60.9 -2.0 -90.1 6.9 159.8 0.49 2.99 -0.10 32.4 752.5 103.3 
 
 
 
 
                                                 
71
 (ptotal[in] )/ρg 
72
 (ptotal[in] – ptotal[out])/ρg 
73
 {Net Head – (Power Output/ρgQ)} 
74
 Discharge/(A*Velocity) ; where A is Area per unit width rated in m
2
 and was 3.5 m
2
 
75
 Power Output/(0.5 ρA *cubic Velocity); where ρ is density. 0.5ρA is rated in kg/m and was 1750 kg/m 
76
 Net Head/(square Velocity/2g); where g is the acceleration due to gravity = 9.81 m
2
/s  
77
 Hydraulic Losses/(square Velocity/2g); where g =9.81 m
2
/s  
  68 
Tables 11 to 15 present the predictions for the rotational speed of 76.9 rpm corresponding 
to those of tables 1 to 6 for rotational speed of 173.1 rpm and tables 7 to 10 for rotational 
speed of 115.4 rpm, respectively. The same trend observed when comparing the results of 
table 1 to 6 and table 7 to 10 is followed, confirming the previous discussion regarding 
effect of rotational speed.  
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Table 12  For the Case of Inlet velocity 25 m/s 
 
Inlet  
Flow 
Angle 
 
(deg.) 
 
Discharge 
 
(m3/s) 
 
Torque 
 
(MNm) 
 
 
Gross 
Head78  
 
(m) 
 
 
Net  
Head79 
 
 (m) 
  
 
Hydraulic 
Losses80 
 
 (m) 
 
 
Minimum 
Pressures  
 
(kPa) 
Power 
Output 
 
(MW) 
Neutralized 
Discharge81 
*10-3 
Neutralized 
Power 
Output82 
Neutralized 
Net Head83 
 
 
Neutralized 
Hydraulic 
Losses84 
 
 
 
Flow 
Coefficient 
*10-3 
 
 
 
 
Head 
Coefficient 
*10-3 
Runner 
Efficiency 
 
 
 
 
20 28.3 1.21 179.3 157.3 122.4 -1046.9 9.7 323.9 0.36 4.94 3.84 82.1 1943.6 22.2 
25 27.8 1.37 175.7 151.4 110.8 -914.9 11.0 317.2 0.40 4.75 3.48 80.4 1870.5 26.8 
30 27.0 1.51 170.7 144.3 98.4 -761.5 12.1 308.0 0.44 4.53 3.09 78.1 1782.7 31.8 
35 25.9 1.60 164.9 136.6 86.1 -637.6 12.9 296.5 0.47 4.29 2.70 75.2 1688.3 37.0 
40 24.7 1.66 158.2 128.0 72.9 -502.8 13.4 282.8 0.49 4.02 2.29 71.7 1581.8 43.1 
45 23.4 1.70 150.3 118.5 58.9 -373.1 13.7 266.9 0.50 3.72 1.85 67.7 1464.7 50.3 
50 21.8 1.67 143.1 109.8 47.0 -297.8 13.4 248.9 0.49 3.45 1.47 63.1 1356.4 57.2 
55 20.0 1.60 135.9 101.0 35.4 -261.4 12.9 229.1 0.47 3.17 1.11 58.1 1248.1 65.0 
60 18.2 1.51 129.1 92.6 24.4 -229.7 12.1 207.5 0.44 2.91 0.77 52.6 1144.6 73.6 
65 16.1 1.39 122.8 84.6 14.0 -164.9 11.2 184.4 0.41 2.66 0.44 46.7 1045.3 83.4 
70 14.0 1.24 117.4 77.3 4.6 -197.5 10.0 159.8 0.36 2.43 0.14 40.5 955.1 94.1 
75 11.7 1.06 113.9 71.8 -2.5 -45.1 8.5 134.0 0.31 2.25 -0.08 34.0 887.2 103.4 
 
 
 
 
 
                                                 
78
 (ptotal[in] )/ρg 
79
 (ptotal[in] – ptotal[out])/ρg 
80
 {Net Head – (Power Output/ρgQ)} 
81
 Discharge/(A*Velocity) ; where A is Area per unit width rated in m
2
 and was 3.5 m
2
 
82
 Power Output/(0.5 ρA *cubic Velocity); where ρ is density. 0.5ρA is rated in kg/m and was 1750 kg/m 
83
 Net Head/(square Velocity/2g); where g is the acceleration due to gravity = 9.81 m
2
/s  
84
 Hydraulic Losses/(square Velocity/2g); where g =9.81 m
2
/s  
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Table 13  For the Case of Inlet velocity of 30 m/s 
 
Inlet  
Flow 
Angle 
 
(deg.) 
 
Discharge 
 
(m3/s) 
 
Torque 
 
(MNm) 
 
 
Gross 
Head85  
 
(m) 
 
 
Net  
Head86 
 
 (m) 
  
 
Hydraulic 
Losses87 
 
 (m) 
 
 
Minimum 
Pressures  
 
(kPa) 
Power 
Output 
 
(MW) 
Neutralized 
Discharge88 
*10-3 
Neutralized 
Power 
Output89 
Neutralized 
Net Head90 
 
 
Neutralized 
Hydraulic 
Losses91 
 
 
 
Flow 
Coefficient 
*10-3 
 
 
 
Head 
Coefficient 
*10-3 
Runner 
Efficiency 
 
 
 
 
20 34.0 1.51 240.5 216.0 179.5 -1520.4 12.2 323.9 0.26 4.71 3.91 98.6 2669.5 16.9 
25 33.3 1.76 234.3 207.3 164.0 -1315.8 14.1 317.2 0.30 4.52 3.58 96.5 2561.2 20.9 
30 32.3 1.96 226.3 196.6 146.8 -1080.4 15.8 308.0 0.33 4.29 3.20 93.7 2429.8 25.3 
35 31.1 2.12 216.6 184.6 128.6 -890.7 17.1 296.5 0.36 4.03 2.80 90.2 2281.7 30.3 
40 29.7 2.22 206.0 172.0 110.6 -704.7 17.9 282.8 0.38 3.75 2.41 86.0 2125.3 35.7 
45 28.0 2.28 194.1 158.2 91.5 -526.9 18.3 266.9 0.39 3.45 2.00 81.2 1954.8 42.1 
50 26.1 2.25 182.6 144.9 74.1 -407.1 18.1 248.9 0.38 3.16 1.62 75.7 1790.4 48.8 
55 24.1 2.17 171.3 131.8 57.6 -339.7 17.5 229.1 0.37 2.87 1.26 69.7 1628.4 56.3 
60 21.8 2.05 160.6 119.1 41.9 -183.3 16.5 207.5 0.35 2.60 0.91 63.1 1472.4 64.8 
65 19.4 1.89 150.8 107.2 27.2 -263.1 15.2 184.4 0.32 2.34 0.59 56.1 1324.5 74.6 
70 16.8 1.69 142.4 96.4 13.9 -326.7 13.6 159.8 0.29 2.10 0.30 48.6 1191.0 85.69 
75 14.1 1.45 136.5 87.9 3.5 -125.7 11.6 134.0 0.25 1.92 0.08 40.8 1085.8 96.0 
80 11.3 1.26 152.5 97.2 5.3 -256.0 10.2 107.2 0.21 2.12 0.11 32.6 1200.9 94.6 
 
 
 
 
 
                                                 
85
 (ptotal[in] )/ρg 
86
 (ptotal[in] – ptotal[out])/ρg 
87
 {Net Head – (Power Output/ρgQ)} 
88
 Discharge/(A*Velocity) ; where A is Area per unit width rated in m
2
 and was 3.5 m
2
 
89
 Power Output/(0.5 ρA *cubic Velocity); where ρ is density. 0.5ρA is rated in kg/m and was 1750 kg/m 
90
 Net Head/(square Velocity/2g); where g is the acceleration due to gravity = 9.81 m
2
/s  
91
 Hydraulic Losses/(square Velocity/2g); where g =9.81 m
2
/s  
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Table 14  For the Case of Inlet velocity of 35 m/s 
 
Inlet  
Flow 
Angle 
 
(deg.) 
 
Discharge 
 
(m3/s) 
 
Torque 
 
(MNm) 
 
 
Gross 
Head92  
 
(m) 
 
 
Net  
Head93 
 
 (m) 
  
 
Hydraulic 
Losses94 
 
 (m) 
 
 
Minimum 
Pressures  
 
(kPa) 
Power 
Output 
 
(MW) 
Neutralized 
Discharge95 
*10-3 
Neutralized 
Power 
Output96 
Neutralized 
Net Head97 
 
 
Neutralized 
Hydraulic 
Losses98 
 
 
 
Flow 
Coefficient 
*10-3 
 
 
 
Head 
Coefficient 
*10-3 
Runner 
Efficiency 
 
 
 
 
20 39.7 1.84 312.4 285.5 247.5 -2103.0 14.8 323.9 0.20 4.57 3.96 115.0 3528.0 13.3 
25 38.9 2.18 302.8 272.8 226.8 -1811.7 17.5 317.2 0.23 4.37 3.63 112.6 3371.5 16.9 
30 37.7 2.47 2912 258.2 204.6 -1498.1 19.9 308.0 0.26 4.14 3.28 109.3 3191.4 20.8 
35 36.3 2.69 277.6 241.9 181.2 -1244.2 21.7 296.5 0.29 3.88 2.90 105.2 2989.9 25.1 
40 34.6 2.85 262.2 224.0 156.6 -980.7 22.9 282.8 0.31 3.59 2.52 100.4 2768.7 30.1 
45 32.7 2.95 244.7 204.6 130.7 -703.9 23.7 266.9 0.32 3.28 2.09 94.7 2528.5 36.1 
50 30.5 2.92 228.0 185.9 107.2 -548.5 23.5 248.9 0.31 2.98 1.72 88.4 2297.4 42.3 
55 28.1 2.83 211.8 167.6 85.0 -457.6 22.8 229.1 0.30 2.68 1.36 81.3 2071.3 49.3 
60 25.4 2.67 196.5 150.0 63.8 -383.8 21.5 207.5 0.29 2.40 1.02 73.7 1853.4 57.5 
65 22.6 2.46 182.4 133.3 43.9 -373.2 19.8 184.4 0.26 2.13 0.70 65.4 1647.3 67.1 
70 19.6 2.20 170.2 118.3 26.0 -180.4 17.7 159.8 0.24 1.89 0.42 56.7 1461.5 78.1 
75 16.4 1.89 161.4 106.1 11.6 -220.2 15.2 134.0 0.20 1.70 0.19 47.6 1311.1 89.1 
80 13.1 1.65 183.5 120.4 17.1 -355.7 13.3 107.2 0.18 1.93 0.27 38.1 1487.6 85.8 
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 (ptotal[in] )/ρg 
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95
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2
 and was 3.5 m
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Table 15  For the Case of Inlet velocity of 40 m/s 
  
Inlet  
Flow 
Angle 
 
(deg.) 
 
Discharge 
 
(m3/s) 
 
Torque 
 
(MNm) 
 
 
Gross 
Head99  
 
(m) 
 
 
Net  
Head100 
 
 (m) 
  
 
Hydraulic 
Losses101 
 
 (m) 
 
 
Minimum 
Pressures  
 
(kPa) 
Power 
Output 
 
(MW) 
Neutralized 
Discharge102 
*10-3 
Neutralized 
Power 
Output103 
Neutralized 
Net 
Head104 
 
 
Neutralized 
Hydraulic 
Losses105 
 
 
 
Flow 
Coefficient 
*10-3 
 
 
 
Head 
Coefficient 
*10-3 
Runner 
Efficiency 
 
 
 
 
20 45.4 2.17 395.1 365.6 326.3 -2748.9 17.5 323.9 0.16 4.48 4.00 131.4 4517.4 10.7 
25 44.4 2.61 381.7 348.9 300.6 -2371.4 21.0 317.2 0.19 4.28 3.69 128.7 4311.5 13.8 
30 43.1 3.02 365.2 328.9 271.3 -1984.4 24.3 308.0 0.22 4.03 3.33 124.9 4064.2 17.5 
35 41.5 3.32 346.8 307.5 241.8 -1634.6 26.75 296.5 0.24 3.77 2.971 120.3 3799.6 21.3 
40 39.6 3.55 326.0 283.7 210.2 -1.282.5 28.5 282.8 0.25 3.48 2.58 114.7 3506.3 25.9 
45 37.4 3.68 303.0 258.4 177.6 -931.8 29.61 266.9 0.26 3.17 2.18 108.2 3193.1 31.38 
50 34.9 3.68 279.5 233.0 146.3 -699.9 29.6 248.9 0.26 2.86 1.79 101.0 2879.4 37.2 
55 32.1 3.56 257.5 208.6 117.4 -586.4 28.7 229.1 0.26 2.56 1.44 92.9 2577.8 43.7 
60 29.1 3.37 236.7 185.1 89.9 -457.6 27.1 207.5 0.24 2.27 1.10 84.2 2287.7 51.4 
65 25.8 3.11 217.5 163.0 64.1 -495.4 25.0 184.4 0.22 2.00 0.79 74.8 2013.9 60.7 
70 22.4 2.78 201.0 143.0 40.8 -269.5 22.4 159.8 0.20 1.75 0.50 64.8 1766.8 71.4 
75 18.8 2.39 188.7 126.6 21.9 -328.8 19.3 134.0 0.17 1.55 0.27 54.4 1564.1 82.7 
80 15.0 2.09 217.6 145.8 31.3 -462.7 16.9 107.2 0.15 1.79 0.38 43.5 1802.2 78.5 
 
 
 
 
The minimum pressures for all the cases were negative and this indicate cavitation. 
                                                 
99
 (ptotal[in] )/ρg 
100
 (ptotal[in] – ptotal[out])/ρg 
101
 {Net Head – (Power Output/ρgQ)} 
102
 Discharge/(A*Velocity) ; where A is Area per unit width rated in m
2
 and was 3.5 m
2
 
103
 Power Output/(0.5 ρA *cubic Velocity); where ρ is density. 0.5ρA is rated in kg/m and was 1750 kg/m 
104
 Net Head/(square Velocity/2g); where g is the acceleration due to gravity = 9.81 m
2
/s  
105
 Hydraulic Losses/(square Velocity/2g); where g =9.81 m
2
/s  
  73 
On a whole, it would be observed that the flow pattern was the same throughout all the 
cases. Cavitation occurred in all the cases under study. This resulted in the observation of 
non-physical negative pressures. The single phase solution did not incorporate the mass 
transfer from the liquid phase to the vapor phase and thus the need of a multiphase 
analysis to incorporate this transfer of mass into the solution. The next chapter depicts 
results with incorporates the effect of cavitation for the case with relative flow angle of 
60 degree at an inlet velocity of 40 m/s.  
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CHAPTER FIVE 
CAVITATION MODELING AND ANALYSIS 
 
5.0 Introduction 
 
Flow through hydraulic turbines is characterized with areas of low pressures. When the 
pressure in such areas fall below the saturated vapor pressure, intensive transition from 
the nuclear boundary of the liquid into a gaseous state is observed, which lead to 
discontinuities (cavities) filled with vapor. The formation of these discontinuities in a 
turbulence liquid flow is called cavitation [Krivchenko, 1986]
22
.  
 
The existence of such cavities consist of two phases: formation and growth, the period of 
time during which the flow passes the region where the pressure drops, and collapses 
when it gets to a region where the pressure increases [Krivchenko, 1986]
22
. This 
phenomenon creates a mixture of liquid water and gaseous vapor within the flowing 
domain. A multiphase analysis is therefore required to model such phenomenon to 
accommodate the mass transfer from liquid to vapor and back to liquid. This section 
describes such an analysis and compares its results to that of a single phase analysis 
discussed in the previous chapter.    
 
5.1 Modeling Cavitation 
The modeling of cavitation follows similar modeling techniques described for the single 
phase; however, another (secondary) phase and its interaction to the already present 
primary phase (water) is incorporated into the flowing domain making the working fluid 
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 a mixture of two phases. This was achieved by activating the multiphase model and 
defining the mixture (phases) and their interaction that exist between them (cavitation in 
this case). The under-relaxation factor for the cavitation modeling, unlike that for the 
single phase modeling was reduced to enable the solution to converge.   
 
5.2 Results and Comparative Analysis 
This section presents results obtained for the cavitation analysis of the periodic blade to 
blade flow discussed in chapter five. This is for the case with the flow at an inlet velocity 
of 40 m/s directed at an inlet flow angle of 60 degree with the runner rotating at 115.4 
rpm. The results were compared to that of the single phase analysis shown in Figures 4.7 
to 4.9. Only a single case was predicted since it suffices to show cavitation effect on 
modeling. Also it was found that it was much more difficult to get well converged 
solutions with the two-phase cavitation model and the solution requires much more 
computational time.    
 
Figure 5.1 shows the convergence history of the solution after about 3750 iterations. It is 
clear that the mass residual have drops by five orders of magnitude and that all other 
residuals have dropped also, indication good convergence. 
 Figure 5.2 depicts the static pressure distribution of the mixture within the model while 
Figures 5.3 and 5.4 show respectively the absolute and the relative velocity vector plot of 
the mixture (liquid water and water vapor).   
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Figure 5.5 displays the volume fraction of the liquid water with respect to the vapor in the 
mixture since there are only two phases; while Figure 5.6 shows the volume fraction of 
vapor with respect to the liquid water in the mixture. They reveal the fraction of each of 
the phases in the mixtures at various points in the flowing domain.       
 
Figure 5.1 Convergence History of the Solution for the case with Inlet Flow angle of 60 
degree at 40 m/s inlet velocity 
 
 
Figure 5.1 shows the convergence history of the solution. The solution converged after 
about 3750 iterations with a residual value set to 0.001. The mass imbalance observed 
was approximately -0.0488 kg/s (about 1.7*10
-4
% of the mass flow rate at inlet).  
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The mass residual have dropped significantly and all other residuals have also dropped, 
and this indicates good convergence. There was some instability in the solution, however, 
they settle as the solution approached convergence. The total pressure at inlet based on 
the mass weighted average was 2.8087 MPa and that of the outlet was 1.7138 MPa 
indicating that the blade extracts some energy in the flowing fluid.  
 
Figure 5.2 Static Absolute Pressure Contour Plot for the case with Inlet Flow angle of 60 
degree at 40 m/s inlet velocity 
 
 
  78 
Figure 5.2 shows the static pressure distribution of the mixture. It is noticed that all 
pressure values are realistic and that there are no negative pressures. The corresponding 
figure for the single phase analysis, Figure 4.7 had revealed unrealistically low negative 
gauge pressures. In comparison between Figure 5.2 and Figure 4.7, it is important to note 
that the former presents absolute pressures whereas the latter presents gauge pressures.   
The lowest pressures were found at the suction side of the blade. These are the areas were 
cavitation occurs. The highest pressure was observed at the stagnation point and it is 
virtually the same in magnitude for both the single and multiphase analysis. This 
observation is in conformity with what was obtained in the “Cavitation Modeling of 
Water Pump” a tutorial handout in FLUENT tutorial documentary [FLUENT 
Documentary, 2004-2005]
15
.  
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Figure 5.3 Absolute Velocity Vector Plot for the case with Inlet Flow angle of 60 degree 
at 40 m/s inlet velocity 
 
 
Figure 5.3 shows the absolute velocity distribution along the blade. The flow hits the 
suction side with approximately the same angles and magnitudes observed with the single 
phase. The high velocity observed just as the flow leaves the stagnation point to the 
suction point was lower in magnitude when compared with that for the single phase 
analysis shown in Figure 4.8. At the areas where the lowest velocities are observed, those 
velocities were higher in magnitude than that obtained for the single phase analysis. 
However, there is no significant difference in the velocity distribution pattern along the 
blade for both the single and the multiple phase analysis.  
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Figure 5.4 Relative Velocity Vector Plot for the case with Inlet Flow angle of 60 degree 
at 40 m/s inlet velocity  
 
 
Figure 5.4 displays the relative velocity distribution along the blade profile. The relative 
velocity vectors indicate a smooth entrance of the flow. The flow direction on the 
pressure side follows the blade closely all the way to the exit.On the suction side, the 
vectors generally follows the blade contours except at the downstream section close to 
the walls where cavitation takes place and its displacement effect on the flow is felt. 
However, otherwise there was little difference in the flow pattern between the single and 
the two-phase flow predictions. Comparing between the relative velocity magnitudes on 
the pressure and the suction sides, it was found that they are higher on the suction side,  
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 and this is to be expected since according to Bernoulli’s Equation, the velocity 
magnitude is higher where the pressure is lower. 
 
Figure 5.5 Contour Plot of the Volume Fraction of Liquid Water in the Mixture 
 
Figure 5.5 displays the volume fractions of the liquid water in the mixture for an inlet 
flow angle of 60 degree at a velocity of 40 m/s. The total volume fraction of the liquid 
water phase was 0.9868 (98.68 %), which indicates that most of the flowing field is filled 
with liquid. Vapor was observed only on the suction side of the blade and was more 
severe towards the trailing edge of the blade. That was where the cavitation occurs and it 
covers a fraction of about 0.013 (1.3 %) of the mixture in the flowing domain. This is to 
be expected since this region displays the lowest pressures. 
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Figure 5.6 Contour Plot of the Volume Fraction of Vapor in the Mixture 
 
 
Figure 5.6 displays the volume fraction of the vapor phase. It shows the exact inverse 
distribution to that of the liquid phase shown in Figure 5.5. This is to be expected since 
there are only two phases in one single material, thus the mixture fraction complements 
the other. 
 
Table 16 shows the effect of cavitation on the prediction of discharge, torque, gross and 
net head, hydraulic losses and runner efficiency.   
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Table 16 Effect of Cavitation on the Flowing Properties 
Flow Property Without Considering Cavitation 
(Single Phase Modeling) 
With the consideration of 
cavitation (Multiphase Modeling) 
Discharge 
(m
3
/s) 
29.1 29.1 
Torque (MNm) 3.79 3.23 
Gross Head (m) 311.4 286.6 
Net Head (m) 226.0 233.8 
Hydraulic Loss 
(m) 
65.2 97.1 
Runner 
Efficiency (%) 
71.1 58.5 
 
From the table above, it would be observed that cavitation has significant effect on the 
prediction of the torque, head, hydraulic losses and the runner efficiency. For a given 
flow rate, cavitation causes a reduction in the torque, the gross head and the runner 
efficiency prediction. It however, increases the predicted net head and hydraulic losses 
and this may explain why the unrealistic negative hydraulic losses were obtained with the 
single phase analysis; as well as the excessive runner efficiency that were observed with 
the single phase analysis for the case. Thus, despite the flow pattern remaining virtually 
the same for single and multiphase phase analysis, cavitation has a very significant effect 
on the performance predicted by the CFD analysis and should be considered in modeling 
a hydraulic turbine in which cavitation is likely to exist in order to accurately describe 
both the qualitative and quantitative features that occurs within the hydraulic turbine 
runner.   
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CHAPTER SIX 
SUMMARY CONCLUSION, LIMITATION AND FUTURE EXTENSION 
 
6.0 Summary Conclusion 
 
The study focused on predicting the off design performance of an exceptionally low 
specific speed Francis’ turbine. The specific speed was chosen to be exceptionally low in 
order to justify a two-dimensional investigation of the flow field.The blade to blade flow 
was studied in great detail for various flow inlet angles (guide vane angles) ranging from 
extreme off design up to and including design conditions. The flow was calculated 
employing a single phase model adopting the RNG turbulence model. The results were 
discussed and analyzed critically. 
 
The analysis revealed unrealistically low negative pressures (pressures lower than 
absolute vacuum) were predicted. Apart from that, the flow field was plausible. A 
repetition of one of the cases employing a two-phase model with cavitation predicted 
results with realistic pressures. Thus it was concluded that to predict the flow field and 
performance characteristics of Francis’ turbines correctly, one has to introduce two-phase 
cavitation models. Due to the difficulty of getting well converged solutions, and the large 
computational time and storage requirements of two-phase calculations, designers usually 
resort to only single phase calculations. However, the present research shows that this is 
not always acceptable. 
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6.1 Limitation of the Study 
 
Due to time constraints, the study included only one two-phase flow calculation which 
corresponded to design conditions. Thus, the study did not examine the effect of 
cavitation prediction on all the characteristic curves obtained with the single phase 
analysis. The study was limited to two-dimensional analysis, and by necessity to a low 
speed Francis’ turbine.  The present study was also limited to constant flow rate 
conditions.  
 
6.1 Future Extension 
 
Further extension should be carried out to enable an in-depth cavitation analysis in order 
to determine the effect of cavitation on the various characteristic curves that were 
obtained with the single phase analysis. There will also be a need to determine which 
flow or turbulence properties that adversely affects the cavitation properties of the runner 
and how they can be altered to decrease (if not prevent) the occurrence of cavitation 
within the flow in a Francis’ turbine. In that sense, further study needs to be undertaken 
to determine how other properties like the thickness and camber of the blade, and the 
degree of turbulence in the flow affects the pressure drop encountered within the flow at 
the suction side of the blade.  
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 Future work may also be extended to study three-dimensional effects and to higher 
specific speed turbines depicting pronouncedly three-dimensional shapes. Further 
extension of the work could employ a constant gross head conditions rather than the 
constant flow rate employed in the present study. The effect of a draft tube may also be  
considered. 
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